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with Plasmonic Metamaterials 
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Metals interact very differently with light than with radio waves and finite 
conductivities and losses often limit the way that RF concepts can be directly transferred 
to higher frequencies. Plasmonic materials are investigated here for various optical 
applications, since they can interact, confine and focus light at the nanoscale; however, 
regular plasmonic devices are severely limited by frequency dispersion and absorption, 
and confined signals cannot travel along plasmonic lines over few wavelengths. For these 
reasons, novel concepts and materials should be introduced to successfully manipulate 
and radiate light in the same flexible way we operate at lower frequencies. In line with 
these efforts, optical metamaterials exploit the resonant wave interaction of collections of 
plasmonic nanoparticles to produce anomalous light effects, beyond what naturally 
available in optical materials and in their basic constituents. Still, these concepts are 
currently limited by a variety of factors, such as: (a) technological challenges in realizing 
3-D bulk composites with specific nano-structured patterns; (b) inherent sensitivity to 
disorder and losses in their realization; (c) not straightforward modeling of their 
interaction with nearby optical sources. 
 viii 
In this study, we develop a novel paradigm to use single-element nanoantennas, 
and composite nanoantenna arrays forming two-dimensional metasurfaces and three-
dimensional metamaterials, to control and manipulate light and its polarization at the 
nanoscale, which can possibly bypass the abovementioned limitations in terms of design 
procedure and experimental realization. The final design of some of the metamaterial 
concepts proposed in this work was inspired by biological species, whose complex 
structure can exhibit superior functionalities to detect, control and manipulate the 
polarization state of light for their orientation, signaling and defense. Inspired by these 
concepts, we theoretically investigate and design metasurfaces and metamaterial models 
with the help of fully vectorial numerical simulation tools, and we are able to outline the 
limitations and ultimate conditions under which the average optical surface impedance 
concept may accurately describe the complex wave interaction with planar plasmonic 
metasurfaces. We also experimentally explore various technological approaches 
compatible with these goals, such as the realization of lithographic single element 
nanoantenna with complex circuit loads, periodic arrays of plasmonic nanoparticles or 
nanoapertures, and stacks of rotated plasmonic metasurfaces. At the conclusion of this 
effort, we have been able to theoretically analyze, design and experimentally realize and 
characterize the feasibility of using discrete metasurfaces to realize phenomena and 
performance that are not available in natural materials, oftentimes inspired by the 
biological world. 
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Chapter 1: Introduction 
1.1 POLARIZED VISION IN BIOLOGICAL SPECIES  
Humans are considered the most advanced species on earth in terms of language, 
logical reasoning, problem solving, etc., however, many other biological species have 
superior functions that humans don't possess, one of which is polarized vision. Human 
eyes can distinguish 10 million colors and intensities at logarithmic scale, but have very 
weak abilities to distinguish polarization states of light. Many sea creatures, birds, and 
insects, however, have the capabilities to sense different polarizations. As one of the 
earliest studies in biological science, bees were shown to use the polarization information 
to conduct a "waggle waggle dance" to inform their peers of the location of food sources, 
which may be more than 100 meters away. This was first decoded by Karl von Frisch, an 
Austrian ethologist, who received Nobel Prize in Physiology or Medicine in 1973 for his 
investigation on sensory perceptions of bees. In his Nobel lecture, he explained "the 
direction of vibration of polarized blue light, differs in relation to the sun’s position 
across the entire vault of the sky, thus, to one that is able to perceive the direction of 
vibration, even a spot of blue sky can disclose the sun’s position by its polarization 
patterns" [1],[2]. His following experiments revealed bees' capabilities of sensing the 
polarizations of light: "The observation hive was set horizontally in a dark tent from 
which the dancers had a lateral view of a small area of blue sky. They danced correctly 
toward the west where their feeding place was located 200 m away. When a round, 
rotatable polarizing foil was placed over the comb in a way as not to change the direction 
of the vibration of the polarized light from that part of the sky, they continued to dance 
correctly. If, however, I turned the foil right or left, the direction of the bees’ dance 
changed to the right or the left by corresponding angle values." [1]  
 
 2 
 
Figure 1.1: Circularly polarized signals of the mantis shrimp. (a) The stomatopod 
crustacean Odontodactylus cultrifer (male).The scale bar represents 1 cm. (b) Detail of 
telson keel (inset in (a)) photographed through a left-handed circular polarizing filter. (c) 
as (b) except photographed through a right-handed circular polarizing filter. Note the 
striking contrast difference compared to (b). (Image and caption adapted from Ref. [3]) 
In fact, not only bees, but many sea creatures possess polarized vision. Another 
well studied example is the mantis shrimp, whose vision system is considered as one of 
the most supreme kinds among all the studied sea creatures. Its spectrum covers from UV 
all the way to the near infra-red (NIR), and it could distinguish both linearly and 
circularly polarized light [2]. The skin of the mantis shrimp acts as a circular polarizer, 
polarizing sun light into left- or right-handed circularly polarized light. When examined 
under a circularly polarized light source, these skins could exhibit different colors (Figure 
1.1). On the other hand, their eyes also function as a circularly polarization filter, and 
selectively filter the information reflected from the skin. The circularly polarized vision 
in mantis shrimp is believed to be closely related to the anatomical structure, which arises 
from the quarter-wave retardation effect from the overlying four-lobed R-8 cell [4].  
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In nature, these biological species use this superior polarized vision as part of the 
means to convey information to their peers, to navigate with minimum amount of light 
and to defend themselves against their enemies. Inspired by these amazing functions, we 
seek to create the same ability to humans in this research. Circularly polarized vision is 
not merely considered for navigational purposes, but could also bring many more 
intriguing applications to the modern mankind: for example, it could "enhance" our 
vision especially in turbid medium, such as in fogs or clouds; the same concept is also 
extended into circular polarized imaging systems in biomedical field, which has been 
recently studied for detecting tumors at early stages [5]. In addition, the possibility of 
creating and detecting circular polarization may be of interest for advanced optical 
signaling and sensors, due to its inherent robustness to scattering and diffraction.  
Although polarization control and creation can be readily achieved through 
crystals such as quartz, tourmaline, or cordierite, the aforementioned applications 
ultimately require the generation of controllable polarized light, and highly compact and 
flexible designs to be able to integrate into existing imaging, microfluidic, or 
nanophotonic systems. The rigidity and bulkiness of natural polarizing crystals hinder the 
further advancement of these technologies.  
In this study, we circumvented the limitations of natural materials by employing 
newly emerged artificial materials, metamaterials, and realized a prototype of the first 
broadband nanometer-thick optical polarizing device that bypassed the narrowband 
challenges inherent in existing metamaterials, transferred the three-dimensional concept 
to two-dimensional, which released both technological challenges in fabrication and in 
modeling.  
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1.2 INTRODUCTION TO METAMATERIALS  
Metamaterials are artificial materials composed of sub-wavelength engineered 
inclusions, designed to collectively achieve exotic electromagnetic properties at the 
frequency of interest, beyond those available in nature or in any of their constituents. 
Although technology and nanofabrication have evolved at a fast pace and reached levels 
of flexibility that were unimaginable even a few years ago, specific physical and 
engineering challenges associated with design and realization of optical metamaterials 
still remain unresolved. In particular, technological challenges limit the realization of 
fully three-dimensional nanoscale metamaterials, especially in the optical regime [6]-
[12]; in addition, the complex wave matter interaction in large arrays of resonant 
nanostructures, often with exotic plasmonic properties [13]-[15], requires parallel 
advances in the theoretical understanding and modeling of these effects. 
Different from metamaterials, metasurfaces or metafilms are effectively the two-
dimensional equivalent of metamaterials [16]-[18]. The interest in their design, 
realization and characterization has grown in parallel with the interest in metamaterials, 
as it was shown that, by tailoring their resonant constituent sub-wavelength inclusions, 
they may provide analogous exotic electromagnetic phenomena, such as negative index 
of refraction [19], sub-diffraction imaging [20], nanocircuitry [21]-[23] and cloaking 
[24],[25]. Their reduced profile makes them appealing and of easier realization from a 
practical and technological point of view.  
By using these artificial materials and designing their nano-constituents and 
arrangements, we could control the current circulation at the surface, and further 
manipulate the phases and amplitudes of electromagnetic waves radiated to the far field, 
mimicking the polarized vision functions in biological species. At the optical frequencies, 
dielectric metamaterials still exhibit specific thickness limitations. In this regard, 
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employing plasmonic materials for the constituents of the optical metamaterials can 
provide unprecedented opportunities to manipulate light polarization at the nanoscale by 
exploiting the strong field localization and enhancement due to the localized light 
interaction with surface plasmons.  
1.3 INTRODUCTION TO PLASMONICS  
At microwave frequencies, metals are usually modeled as perfect electric 
conductors, since their small Ohmic losses are often negligible. At these frequencies and 
below, metals are used as reflectors (mirrors) and conducting electrodes for devices. At 
higher frequencies, up to the near infrared (NIR) and visible frequencies region, 
electromagnetic waves penetrate more into the metals, and the strong dispersion of metals 
opens interesting possibilities, currently described in the general field of plasmonics. In 
contrast to volume plasmons that can be excited in bulk metals, in this dissertation we 
focus on surface plasmons that exist in deeply sub-wavelength metal nanoparticles and 
densely packed arrays of nanoparticles. In particular, we focus on localized surface 
plasmons, which do not require phase-matching of the wave vectors to be excited, and 
arise mainly based on scattering phenomena. The scattering theory of single particles has 
been nicely carried out in chapter 4 and chapter 12 of [26], and the physics of localized 
surface plasmon is discussed in great details in chapter 5 of [27] and chapter 9 of [28]. 
Here we only summarize a few key points of these fundamental theories.  
The seminal Mie theory of scattering was developed to understand the various 
colors from colloidal spherical particles. It solves for the scattered field by expanding the 
excitation plane wave in vector spherical harmonics and imposing the boundary 
conditions at the surface of the sphere being excited. Thus, the scattering coefficients are 
[1]: 
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where 2 /x Na  , 1 /m N N , and 1N , N  are refractive indices of the particle and 
the medium, 1  and   are the permeability of the particle and the medium, and a  is 
the radius of the particle, nj  is the spherical Bessel function. The scattered wave is 
related to these scattering coefficients and the vector spherical harmonics M  and N  
as: 
     0
1
2 1 / 1ns n n
n
i E n n n ia b


   E N M , (1.3) 
Therefore, the scattered field is the largest when the denominators in (1.1) and 
(1.2) go to zero, which is satisfied when the frequencies of the sphere are complex [26]. 
These frequencies are the resonances of the spherical particle, which are dependent upon 
the size of the sphere.     
The above equation can be dramatically simplified when the spherical particle 
dimension is much smaller than the wavelength of excitation ( a  ), we are dealing with 
problems in the quasi-static limit, which means only the time variation of field is kept, 
while no spatial retardation effect needs to be considered over the sphere volume. Under 
this circumstance, only the electric dipole term is dominant in the scattering terms, and 
the scattering cross section can be simplified as: 
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where 1  and   are permittivity of the particle and the medium [27]. To maximize the 
scattering cross section, the condition deduced from (1.4) is 1 2   , which requires 
the two permittivity values to exhibit the opposite sign at the same frequency. This 
condition can be met, at least for the real parts of the permittivities, when one of these 
materials is metal operated below plasma frequency, and the other one is dielectrics. The 
condition is the "resonant" condition, where electrons in the solid will exhibit collective 
and coherent oscillations triggered by photons. The plasma frequencies of noble metals 
are often close to the optical frequencies, which is the reason that plasmonic material is 
one of the best candidates to realize optical metamaterials with aforementioned functions.    
1.4 ORGANIZATION OF THE DISSERTATION 
The brief introduction to plasmonics presented in the previous section along with 
the functionalities inspired by biological species will guide our designs of optical 
metamaterials [29]. In this dissertation, we apply noble metals, such as silver and gold, 
and take the advantages of their strong dispersive nature near the optical and near-
infrared frequencies to design resonant single nanoparticle or nanoparticle arrays with 
exotic properties and deeply sub-wavelength dimensions. The quasi-static limit 
introduced earlier applies to all the designs in this dissertation. The resonance of a single 
nanoparticle can be determined by vanishing the denominator of (1.4). In the visible to 
near-infrared frequencies gold and silver are good candidate materials when the 
nanoparticles are embedded in dielectrics such as air or silica. In most of our designs, the 
nanoparticles are not necessarily spherical, however, the resonance condition estimated in 
(1.4) can be tuned to different shape factors, as long as the size limitation is satisfied. 
These resonance conditions provide a nice guidance for the resonances of single element 
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nanoantenna [30] discussed in Chapter 2 and 3, and those of nanorod components, which 
are used to compose metasurfaces in Chapter 6, 7 and 8 with specific modifications. 
 Besides the scattering theory described above, the nanocircuit theory and 
transmission line theory are extremely important tools in modeling our designs of single-
element nanoantennas [30]-[32], metasurfaces [33]-[35] and multilayer metasurfaces 
formed metamaterials [36]. The nanocircuit theory [37]-[39] and the surface impedance 
model [40] are discussed in chapter 4, chapter 5 and chapter 6. The transmission-line 
theory [41] is introduced in chapter 5, and is extensively applied in chapter 8. For 
extended reviews of the progress on metasurfaces, the readers can refer to [42],[43], and 
fundamentals and recent progress on optical metamaterials can be found in [29],[44]-
[52]. 
 Two major experimental manifestations of our ideas are also discussed in this 
dissertation. Both have been validated through conventional nanofabrication techniques 
and carried out using the facilities at the Microelectronic Research Center (MRC) located 
at the Pickle Research Campus (PRC) and the Center for Nano- and Molecular Science 
(CNMS) located at the main campus at the University of Texas at Austin. Fabrication and 
characterizations of these nanophotonic devices are detailed in chapter 7 and chapter 8.  
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 Chapter 2: Single Element Plasmonic Nanoantennas as Building 
Blocks and Nanocircuit Theory 
In order to build metamaterials with the superior functionalities introduced in 
Chapter 1, we start with studying the basic building blocks: single element nanoantennas. 
In this chapter and the next, we will discuss the design and analysis of single element 
nanoantennas and their circuit theory as the foundations of this study. Designing single 
element nanoantennas, and more specifically, studying their shape effects on the 
sensitivity tuning and radiation efficiencies enables us to proceed to more complicated 
designs on the two-dimensional (2D) nanoantenna arrays (metasurfaces), and multilayer 
stacking of the metasurfaces as metamaterials.  
In this chapter, we will focus on analyzing the relations between radiation 
properties and sensitivity of optical nanoantennas and their shape and design parameters 
using the nanocircuit concepts. We apply these findings to optimize the sensitivity and 
bandwidth of printed plasmonic nanoantennas, which could be applied not only in the 
proposed functions that we aim to achieve, but could also have impact on optical 
communications and label-free bio-sensing applications, for which we provide an 
example of employing these single element nanostructures and their nanocircuit design 
principles in bio-sensing applications at the end of this chapter. In comparison to 
conventional plasmonic optical sensors, which mainly rely on localized surface plasmons, 
our design rules suggest that optical nanoantennas may provide enhanced sensitivity for 
biomedical applications, and our analytical solutions based on their equivalent 
nanocircuit model may provide an efficient tool for their design optimization. Several 
numerical simulations are presented to verify utility of this design method, providing 
excellent agreement between numerical and analytical results. 
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2.1 INTRODUCTION 
At microwave and radio frequencies (RF), an antenna is designed as a transducer 
to convert free-propagating electromagnetic waves into confined electric currents, and 
vice versa. With the progress of nanofabrication technology, it is now becoming feasible 
to fabricate analogous devices in the nanometer range, as optical nanoantennas [1]-[4]. 
Due to their nanometer size, optical nanoantennas are not only useful as emitters or 
receivers, but they have other appealing properties, such as sub-diffraction field 
confinement and optical near field enhancement [5]-[7]. These properties have led to 
several important applications, including high resolution microscopy [8],[9], single 
molecular sensing and spectroscopy [2],[3],[10]-[12], enhancement of photovoltaic 
energy conversion efficiency [13], near-field nanofabrication [14], solid state light 
emission enhancement [15]-[17], single photon sources [18], and optical communications 
[19]-[22]. 
The functionality of optical nanoantennas, however, differs considerably from 
their RF counterparts [20],[23], and their analysis and design rules should obviously be 
accordingly modified. For instance, the resonance condition of RF antennas, which 
usually resonate when their characteristic size is comparable to half-wavelength, does not 
directly apply to optical antennas [23]. This is due to the fact that metals are dispersive 
and have finite conductivities in the optical regime, supporting surface plasmon 
polaritons (SPPs) with considerably shorter wavelengths than that of free-space. Due to 
SPPs, the nanoantenna resonance frequency strongly depends on its transverse size, shape 
and material properties. Sensitivity and bandwidth of these devices are also similarly 
affected. 
The strong field confinement and nanoscale size makes nanoantennas one of the 
ideal devices for biological sensing [24],[25], since the presence of small molecules at 
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their load may alter their frequency response. Their design and optimization as bio-
sensors, however, has been often empirical, due to their complex interaction with the 
optical signal and their plasmonic properties, and has been in general limited to 
maximizing their field enhancement at the sample location [26].  
In this chapter, we develop certain design methodologies for optical nanoantennas 
and apply these nanodevices for bio-sensing applications and optical communications, 
properly taking into account their plasmonic and displacement effects. Our work applies 
the optical nanocircuit concepts [27],[28] to this problem, consistent with some earlier 
works that have defined the optical impedance and radiation properties of interest for 
several nanoantenna geometries [20],[21],[29]. In the past, these concepts have been 
applied to properly tuning [19], loading [20] and matching [22] optical nanoantennas, 
whereas here we focus on modeling the features of bandwidth, efficiency and sensitivity 
of these loaded nanoantennas that are of particular interest for bio-sensing and 
communication applications. We show how the proper definition and calculation of the 
‘intrinsic’ optical impedance of the nanoantennas of interest, which is a complex function 
of its size, shape and material properties, allows characterization of its functionality as a 
sensor, and in particular its resonance frequency, bandwidth and sensitivity to the 
variations in the antenna shape and loading materials. This result may provide useful 
guidelines for optimization of the design of optical antennas as sensing elements or 
nanoprobes in optical microscopy and spectroscopy, and also as building blocks of the 
plasmonic metamaterials for polarization manipulation. 
2.2 THEORETICAL MODEL 
Without loss of generality, we focus our analysis on flat nanoantenna geometries 
loaded at their center by a nanoparticle, as depicted in Figure 2.1. These nanoantennas 
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may be easily printed on a transparent substrate using standard lithographic techniques. 
In Figure 2.1 we have reported three typical nanoantenna geometries of interest: (a) the 
nanodipole, (b) the nanobowtie and (c) the nanodimer antenna. The three shapes may all 
effectively be reduced to the nanobowtie geometry in Figure 2.1(b) in the limit in which 
the arm angle   tends to 0 or 180 degrees, respectively. The nanoantenna thickness d , 
gap size g , arm angle   and arm length L  are suitably varied to investigate how they 
affect the nanoantenna resonance, sensitivity and bandwidth of operation. In order to 
compare the different nanoantenna geometries, their properties have been compared by 
varying the nanoparticle loads placed at their gap. 
 
 
Figure 2.1: Nanoantenna geometries of interest, with the angle   ranging between 0 
and 180 degrees, corresponding to: (a) nanodipole, (b) nanobowtie, and (c) nanodimer 
antennas. (Reproduced with permission from JOSA B, Vol. 28, Issue 5, pp. 1266-1274 
(2011). Copyright 2011 Journal of Optical Society of America) 
Our full-wave numerical simulations are obtained using commercially available 
software based on time-domain finite integration technique [30], and excited using two 
different approaches: (a) a discrete current source element placed at the center of the gap 
across the two arms, aligned along the y  axis, in the unloaded case ( 0L   at the gap), 
0o

z
yx
(a) (b) (c)
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is used to determine the reflection coefficient at the feed versus frequency, the optical 
input impedance and the optical radiation efficiency, as defined in [20],[22]; (b) a plane 
wave with electric field linearly polarized along the y  axis and incident along the z  
direction, is employed to analyze the far-field scattering properties in the loaded and 
unloaded scenarios, varying the permittivity at the gap. We have assumed all the 
nanoantennas to be composed of silver, modeled with the Drude permittivity model [31] 
  20 /Ag pf f f i        , where 5  , 2.175PHzpf   and 4.35THz  . An 
 exp i t  time dependence has also been assumed. 
In order to analyze the nanoantenna sensitivity to variations in the load, different 
dielectric materials and combinations of them, with permittivity ranging between 0L   
and 05L  , have been considered in the gap region. Following our results in [19],[20], 
the nanoantenna interaction with the load may be accurately quantified by modeling the 
nanoantenna response as a single nanocircuit element with ‘intrinsic’ optical impedance 
aZ R iX  , where R  is the nanoantenna intrinsic resistance and X  is the 
corresponding reactance. The intrinsic impedance of the nanoantenna depends in a 
complex way on the material properties and on its geometry, and it may be calculated by 
driving the nanoantenna at its gap with an optical source. Effectively, aZ  is defined as 
the ratio between the effective voltage applied across the antenna arms and the optical 
displacement current flowing through the gap. As we show in the following, its value 
fully characterizes the nanoantenna interaction with any arbitrary load placed at its gap, 
with generic impedance LZ . For instance, in the case of a single homogeneous nanodisk 
filling the gap, the total optical impedance of the nanoantenna inZ  at the gap is easily 
calculated from aZ  using the circuit model in Figure 2.2(a), with /L LZ ig S  and 
S wd  [19],[20]. Variations at the load may be directly taken into account in the 
equivalent circuit model of Figure 2.2(a), as the complex antenna response is completely 
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described by its intrinsic impedance aZ . In the case of two nanoloads stacked vertically 
in the gap, with thickness   and g  , their optical impedances are effectively 
connected in series [19],[32],[33], and the corresponding model is given in Figure 2.2(b). 
Conversely, for nanoparticles stacked horizontally within the gap, with width   and 
w  , the corresponding circuit model is the one in Figure 2.2(c), with the load 
impedances displaced in parallel. Despite their simplicity, these nanocircuit models are 
very effective quantitative descriptions of the nanoantenna interaction with the load. 
Indeed, in the earlier theoretical work, they have been used to tune [19] and match the 
nanoantenna to an incoming optical feeding line [22]. Here we show that they may also 
be used to predict and optimize the nanoantenna sensitivity and bandwidth of operation. 
 
 
Figure 2.2: Nanocircuit model for the optical input impedance with different loads at the 
gap of the nanoantennas in Figure 2.1. (a) Nanoantenna with one homogeneous 
nanoparticle at the gap, (b,c) nanoantenna with two nanoparticles with different 
permittivity 1L  and 2L  connected in series (b) and parallel (c). The insets show the 
corresponding sketches of the different load configurations. (Reprinted with permission 
from JOSA B, Vol. 28, Issue 5, pp. 1266-1274 (2011). Copyright 2011 Journal of Optical 
Society of America) 
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In the unloaded case (Figure 2.2 (a) with 0L  ), the input impedance may be 
simply written as:  
 
1
1in
Z
i C
R iX




,    (2.1)
where 0 /C S g  is the nanocapacitance of the empty gap. In particular, the real and 
imaginary parts of the input impedance 
0 0inZ r ix   may be written as: 
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Solving for the real and imaginary parts of the intrinsic impedance we find: 
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which are the formulas we effectively utilize to de-embed the intrinsic impedance of the 
nanoantenna from the full-wave simulations of the unloaded geometry fed at its gap by a 
current source. 
When a homogeneous load with permittivity L  is placed at the gap, the 
modified capacitance C = /L LS g , modifies the input impedance into  inl l lZ r ix  , with: 
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The parallel ‘open-circuit’ resonance frequency of the nanoantenna, which 
corresponds to the resonant scattering condition in the receiving regime and to the 
frequency of maximum matching from a feeding optical line [19],[22], is obtained when 
lr  is maximum and 0lx  , i.e., at the radian frequency 
 
 20 2 L
gX
S R X


 .    (2.8) 
The above equation implies that, with increasing permittivity at the gap, the 
resonance frequency decreases, consistent with our numerical results in [19].  It is 
interesting to note that, since X R  at this resonance, due to the short electrical 
length of the nanoantenna, Eq. (2.8) also implies: 
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  ,    (2.9) 
as expected by the LC parallel resonant circuit at the gap. 
The sensitivity of the nanoantenna  at such resonance frequency 0  may be 
defined as the derivative of Eq. (2.8) with L : 
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The nanoantenna sensitivity strongly depends on the value of intrinsic impedance 
at the frequency of interest. Proper choice of the nanoantenna geometrical parameters 
may optimize the sensitivity  for the applications of interest. For a given nanoantenna 
geometry, more flexibility may be obtained by using cascaded loads, as in Figure 2.2(b) 
and 2.2(c). In the series case as depicted in Figure 2.2(b), the overall capacitance is:  
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The corresponding resonance frequency 0  and sensitivity  of the 
nanoantenna become: 
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where  is defined as the sensitivity to variations in the load with permittivity 2L . 
Similarly, for the parallel configuration  1 2L LwC      and the resonance 
frequency 0  and sensitivity  become: 
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It is evident how the resonance frequency and nanoantenna sensitivity may be 
tailored to a large degree by combining different nanocircuit loads at the gap. It is 
relevant to stress that the formulas derived here allow a semi-analytical quantitative 
prediction and optimization of the nanoantenna parameters of interest for applications 
such as biosensing, which may be deduced after a single numerical simulation of the 
unloaded nanoantenna driven at the gap. Moreover, once the intrinsic impedance is 
calculated, the resonance frequency and sensitivity of the nanoantenna may be tailored by 
properly selecting the load impedance in optical communication applications. Sensitivity 
is also directly related to the bandwidth of these nanoantennas, which may be tailored 
using similar concepts. 
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Before concluding this section, we would like to emphasize that, despite the fact 
that the nanocircuit concepts have been originally developed by assuming uniform plane-
wave-like excitation [28], these results are not a function of the specific form of 
excitation. In fact, the only assumption in deriving Eq. (2.1) is that the field impinging 
on the nanoantenna may be approximated by its local value at the gap location, 
assumption that is valid and justifiable for the typical sub-wavelength size of these 
devices. This implies that even in typical biosensing measurements, which may require 
focused beams and confocal microscopy for the proper nanoantenna excitation, the 
dominant mechanisms would be analogous to those verified in the present work and 
modeled by nanocircuit concepts. These concepts break down for larger objects, with 
sizes comparable with the wavelength of operation, for which local variations of the 
impinging field and excitation of higher-order modes may become relevant. 
2.3 EFFECTS OF THE NANOANTENNA GEOMETRY ON ITS SENSITIVITY FOR BIOSENSING 
APPLICATIONS 
In this section we apply the previous theoretical results to biosensing applications, 
presenting several numerical examples that show how the sensitivity and resonance 
frequency shift of the nanoantenna geometries of Figure 2.1 may be predicted with semi-
analytical tools. We also discuss how the nanoantenna shape and geometry affects these 
resonance properties. Two series of numerical simulations were conducted using different 
gap dimensions for the same ratio /g S  (in order to keep the gap capacitance in the 
unloaded case constant), comparing resonance frequency, sensitivity and radiation 
efficiency. The first set of nanoantennas has gap dimensions 35 10 20nm  , and the 
second set  310 20 20nm  , where the three numbers denote g w d  . For the 
nanodimer scenario, analogous gap dimensions were used, except for minor 
modifications due to the curvature at the gap terminals. 
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Figure 2.3: Variation of the resonance frequency with the load permittivity for different 
angles  , for two different gap sizes. (Reprinted with permission from JOSA B, Vol. 28, 
Issue 5, pp. 1266-1274 (2011). Copyright 2011 Journal of Optical Society of America) 
Table 2.1: Nanoantenna Arm Length 
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 
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Figure 2.3 shows the full-wave numerical simulations for the variation of 
resonance frequency 0  with the load permittivity (for the case of Figure 2.2(a)), for the 
two sets of gap dimensions, varying the nanoantenna shape via the angle  . For each 
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angle, in order to provide a fair comparison among different geometries, each 
nanoantenna arm length has been properly tuned in order to support the resonance at the 
design frequency 0 486.4f THz  for a load permittivity 03L  . This choice for the 
comparison among different nanoantenna designs stems from the fact that the absorption 
loss in plasmonic nanoantennas is dominated by the vAlùe of imaginary part of the metal 
permittivity at the resonance frequency, rather than its overall length or volume. The 
corresponding arm lengths are reported in Table 2.1, where it is evident how an 
increasing arm angle   corresponds to a longer arm length for fixed resonance 
frequency 0f , which is a typical feature of plasmonic nanoantennas [20],[23]. 
As predicted by Eq. (2.8), the resonance frequency is inversely proportional to the load 
permittivity in each scenario, with a slope determined by the intrinsic impedance of the 
nanoantenna at the frequency of interest. We have verified that the numerical simulations 
completely agree with the analytical result in Eq. (2.8). This comparison is explicitly 
reported in Figure 2.4 for the case o60  , where we have compared the analytical and 
numerical curves of the input resistance versus frequency in the case of a driven 
nanoantenna varying the loading material from 0L   to 05L  . The resonance 
frequency corresponds to the position of the maximum input resistance, which, consistent 
with our nanocircuit model in Figure 2.2(a), shifts to lower frequencies and to smaller 
values for increased gap capacitance. In particular, Figure 2.4 shows the comparison of 
the resonance frequencies between numerical and analytical results for 60   
nanobowtie antenna with gap dimension 35 10 20nm  . It is seen that the discrepancy is 
very minor, and indeed our analytical method provides an excellent approximation for the 
overall radiation and impedance properties of the nanoantennas under consideration. 
Similar plots have been obtained for the other geometries in Figure 2.3. The sensitivity at 
the design frequency is given in Figure 2.3 by the slope of the different curves, and it 
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coincides with the analytical value in Eq. (2.10) for all the considered examples. 
Inspecting the results of Figure 2.3, we find that the nanodimer antenna may provide the 
highest sensitivity among the considered designs. Among the bowtie nanoantennas, the 
60   design provides the largest sensitivity. 
 
 
Figure 2.4: Comparison of numerical simulation (solid curves) and calculated input 
impedance using the semi-analytical approach presented in the previous section (dashed). 
(Reprinted with permission from JOSA B, Vol. 28, Issue 5, pp. 1266-1274 (2011). 
Copyright 2011 Journal of Optical Society of America) 
It is interesting to underline that, for the antenna to resonate, the intrinsic 
reactance of the nanoantenna is required to be opposite to the load reactance 1/ C , as 
shown in Eq.(2.9). This implies that a larger sensitivity is directly related to a less steep 
variation of the intrinsic reactance, for which a small variation in C  would produce a 
larger deviation in frequency. Figure 2.5 indeed shows this concept: in Figure 2.5(a) we 
report the variation of the calculated intrinsic reactance for the nanoantennas of Figure 
2.2(a). As expected, the curves all meet at the design frequency 0f , at the reactance 
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nanoantennas resonate at the same frequency for a load with 03L  . Figure 2.5(b) 
reports the zoom of this plot around the resonance frequency, showing how the 
nanodimer and the 60   nanobowtie antenna indeed exhibit the lowest slopes around 
the design frequency. This in turn results in the largest sensitivity to the load permittivity, 
which would be relevant to optimize the nanoantenna for bio-sensing applications. 
 
Figure 2.5: Numerically calculated intrinsic impedance for the nanoantennas with gap 
dimension 35 10 20nm   for different antenna geometries, where the legend indicates 
the arm angle  . The dashed square region in panel (a) is enlarged in panel (b) in the 
vicinity of the resonance frequency 0f . (Reprinted with permission from JOSA B, Vol. 
28, Issue 5, pp. 1266-1274 (2011). Copyright 2011 Journal of Optical Society of 
America) 
It is seen that proper selection of the nanoantenna geometry may optimize the 
sensitivity and resonance frequency, and further flexibility in tuning the resonance at the 
frequency of desired sensitivity may be achieved using parallel or series combinations of 
loads, partially prefabricated at the gap and partially left empty for detection of bio-
target. Figure 2.6 shows two examples of series and parallel loading, using materials with 
permittivity 1L  and 2L  equal to 03  and 02 , respectively. In these examples, we 
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partially filled with a material with relative permittivity 3. As shown in Figure 2.6(a), by 
varying the filling factor at the gap, parameter   of 2L  we may be able to sensibly 
shift the resonance frequency. Similarly as in the parallel case shown in Figure 2.6(b), the 
parameter   was varied, with a higher percentage of the filling of the target material 
2L , a blue shift of the resonance frequency is observed. In both cases, the shift of the 
resonance frequency in Figure 2.6 follows the theoretical predictions in Eq.(2.12) and 
Eq.(2.14), respectively. In order to make these results closer to their practical application 
for biosensing, we have also compared the achieved values of sensitivity with the values 
usually required for effective biomedical sensing. We consider, as an example a 
Concanavalin A (ConA) sensor, whose single protomer size is around 34.2 4.0 3.9 nm   
[34]. The bio-target is usually immersed in a buffer solution, with refractive index around 
1.33, and the refractive index of ConA is 1.57 [35]. The nanoantenna's narrow gap, acting 
as a tiny slot, makes detection of single molecule possible, which is a relevant advantage 
over other biosensing devices that usually require a much larger amount of sample. When 
the protein molecule passes through the nanoantenna's gap, a typical index variation from 
1.33 to 1.57 is expected. Using these values, we expect a resonance shift of ~20 nm, as 
shown by the results in Figure 2.7. 
The resonance frequency decreases linearly with a refractive index variation from 
1 (air) to 1.33 (buffer solution) and 1.57(ConA). The corresponding sensitivity is around 
83nm per RIU, which is comparable with other current biosensing techniques [36],[37]. 
In addition to the resonance shift, also the intensity of scattered field is expected to vary 
even more dramatically with respect to the index change at the gap. The variation of 
radiation resistance in Figure 2.4 is a good measure of such variation. We have calculated 
that for a 60 degree bowtie nanoantenna, the total scattered intensity drops 73.52% when 
the index at gap varies within this same range (from 1.33 to 1.57), ensuring significant 
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sensitivity for biomedical applications. This may represent an interesting alternative 
venue for biosensing. 
 
Figure 2.6: Tuning the nanoantenna resonance frequency with: (a) series loading, and (b) 
parallel loading. The corresponding loading geometries at the gap are shown in the insets 
of Figure 2.2(b) and Figure 2.2(c), respectively. With increasing the filling of the material 
with 2 02L  , the resonance frequency shifts to higher value. (Reprinted with 
permission from JOSA B, Vol. 28, Issue 5, pp. 1266-1274 (2011). Copyright 2011 
Journal of Optical Society of America) 
 
Figure 2.7: (a) Refractive index change of 60° nanoantenna with no series and parallel 
components inserted in the gap region, (b) the relative scattered intensity drop due to the 
change of index at the gap. (Reprinted with permission from JOSA B, Vol. 28, Issue 5, 
pp. 1266-1274 (2011). Copyright 2011 Journal of Optical Society of America) 
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2.4 EFFECTS OF THE NANOANTENNA GEOMETRY ON ITS RADIATION EFFICIENCY AND 
BANDWIDTH FOR OPTICAL COMMUNICATIONS 
 
Figure 2.8: Comparison of simulated radiation efficiencies for different geometries, 
varying the angle and the gap dimensions. (Reprinted with permission from JOSA B, 
Vol. 28, Issue 5, pp. 1266-1274 (2011). Copyright 2011 Journal of Optical Society of 
America) 
Other relevant parameters characterizing the nanoantenna operation are its optical 
radiation efficiency rad  and its overall bandwidth of operation, which are of interest for 
optical communications [22]. We define rad , in accordance with [20], as the ratio of 
radiated versus accepted power at the gap for a radiating nanoantenna, which is a 
measure of the robustness to absorption. In [21] we have shown that the nanodimer 
antenna may provide better radiation efficiency compared to the nanodipole, due to the 
reduced confinement of the SPP traveling along the nanoantenna arms. In Figure 2.8 we 
report our calculations for the overall radiation efficiency of the nanoantennas of Figure 
2.3 at the design frequency 0f , as a function of their geometry. It can be seen that a 
bigger gap may provide higher radiation efficiency, without necessarily producing lower 
sensitivity (as seen in Figure 2.3). Moreover, the nanodipole antenna provides 
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significantly worse radiation efficiency than any other nanoantenna geometry, whereas 
the nanodimer ensures the largest efficiency among these antennas. It is interesting to 
underline that in a regular RF antenna large sensitivity is usually associated with a higher 
Q-factor, which implies smaller bandwidths, lower robustness to loss, and a usually lower 
overall radiation efficiency.  
 
 
Figure 2.9: 3dB bandwidth extracted from the simulated nanoantenna polarizability. The 
red dots represent bandwidth of large gap with dimension 310 10 20 nm  . The black 
dots represent bandwidth of small feedgap with dimension 35 10 20 nm  . (Reprinted 
with permission from JOSA B, Vol. 28, Issue 5, pp. 1266-1274 (2011). Copyright 2011 
Journal of Optical Society of America) 
The plasmonic nature of these nanoantennas, however, reflects in an opposite 
trend: larger nanoantenna volumes (i.e., the nanodimer or the 60   nanobowtie 
antenna) ensure less field confinement in the metal, which is reflected in larger efficiency 
and radiation resistance. At the same time, the increased confinement of the fringing 
fields at the gap ensures also increased sensitivity. The nanodimer shows a level of 
sensitivity comparable with the 60 degree nanobowtie antenna, but larger radiation 
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efficiency, associated with the absence of corners, which are associated with stronger 
confinement of the electric field, enhanced Ohmic losses and localized absorption. 
The nanoantenna bandwidth of operation may be defined in terms of its scattering 
properties, when illuminated by an external plane wave, as in [19], or in terms of its 
reflection coefficient at the gap, when fed by a matched optical line as in [20]. We have 
numerically verified that the resonance frequency in both scenarios is well described by 
Eqs. (2.8)-(2.14) and the bandwidth of operation is also comparable in the two 
functionalities. We have calculated the 3dB bandwidth in terms of the maximum 
scattering peak for the nanoantennas in Figure 2.1(b) with varying arm angle for a load 
03L   at the design frequency 0f , as reported in Figure 2.9. Also in this case, 
maximized bandwidth of operation is achieved for the nanodimer antenna. 
Figure 2.10, in particular, reports the variation of polarizability associated with 
the nanoantennas analyzed here, a direct measure of their far-field scattering properties 
when illuminated by an external plane wave, compared with the corresponding variation 
of the reflection coefficient when fed at their gap. As expected, for any load and any 
nanoantenna geometry, a direct relation between the scattering resonances and the 
nanoantenna matching conditions are verified, implying that the two features are indeed 
both associated with the open-circuit resonance frequency 0 . In the figure, the 
amplitudes of the polarizability are renormalized to the factor 3
0 0/ 6k  , consistent with 
[38]. We report in the figure for each nanoantenna geometry the corresponding electric 
and magnetic field distributions on the E plane at the resonance frequency when loaded 
with 03L  . 
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2.5 CONCLUSIONS 
In this chapter, we have discussed the complex relationship between the shape 
and geometry of optical nanoantennas and their sensitivity to the load variation, their 
radiation efficiency and bandwidth of operation. The optical nanocircuit concepts have 
been used as a useful tool for interpreting these effects in terms of the load variation and 
the corresponding modification of the intrinsic impedance at the gap, in order to design 
and optimize the nanoantenna parameters, to increase the nanoantenna sensitivity and to 
improve its overall radiation properties. We have shown, in particular, that the dimer and 
specific bow-tie configurations may provide optimal performance in terms of sensitivity, 
efficiency and bandwidth of operation. Distinct features stemming from the plasmonic 
nature of these nanoantennas have been also discussed. Finally, the reported full-wave 
numerical simulations agree with excellent accuracy with the analytical models and 
theoretical interpretation presented here and suggest that nanoantennas may be effectively 
employed for biosensing at the single molecule level and optical communications. 
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Figure 2.10: (Left) Normalized polarizability for gap size 
350 10 20 nm   with: (a) 
0  , (b) 60  , (c) 90  , (d) 180  ; (center) Reflection coefficient when the 
nanoantennas are fed at the gap;  (Right) corresponding field plots at resonance for load 
permittivity 03L  . (Reprinted with permission from JOSA B, Vol. 28, Issue 5, pp. 
1266-1274 (2011). Copyright 2011 Journal of Optical Society of America) 
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 Chapter 3: Experimental Validation of Individual Nanoantennas 
Loaded with Three-dimensional Optical Nanocircuits 
In the previous chapter, we discussed how the shape and loading will affect the 
sensitivity, radiation efficiency and 3dB bandwidth of single element nanoantennas, 
where the sensitivity is the amount of frequency shift due to various designs of the 
nanoantenna geometries as a function of dielectric materials with different relative 
permittivities loaded at the nanoantenna gap. By using the nanocircuit concepts, we 
successfully tailored both the targeted resonance frequencies and the nanoantenna's 
sensitivity. In this chapter, we focus on experimental validation of single nanoantennas 
with various circuit loads by changing not only the materials loaded at the gap, but also 
the configurations of the loads. We experimentally demonstrate the first optical nanoscale 
circuits with fully three-dimensional lumped elements, which we use to tune and 
impedance-match a single optical dimer nanoantenna. We control the antenna resonance 
and impedance bandwidth using suitably designed loads with combinations of basic 
circuit elements: nanoscale capacitors, inductors and resistors. This study of single 
element nanoantennas will transfer in designing building blocks to compose two-
dimensional densely packed nanoantenna arrays (metasurfaces) in the following chapters, 
and pave the way to the three-dimensional metasurfaces composites. In addition, our 
results will have a broad impact on extending conventional circuit concepts into the 
visible domain for applications in data storage, wireless optical links, and related venues. 
3.1 INTRODUCTION 
Antennas are essential devices in daily life, providing means of communication 
between the micro and macroworld. Impedance matching between an antenna and its 
feed network is fundamental to establishing an efficient wireless link. At radio 
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frequencies, matching is typically achieved by loading the antenna terminals with a 
circuit consisting of suitable combinations of resistors, capacitors and inductors. 
Extending this concept to the optical frequency domain [1]-[9] calls for optical analogues 
of these lumped circuit elements[10]-[13]. Such a set of circuit elements would provide a 
unique toolkit for designing all-optical wireless links [14], as well as for integration of 
nanophotonic devices in large optical nanocircuit boards.  
 Even though a significant amount of work has been devoted to the theory of 
optical nanocircuits (dubbed ‘metatronics’)[10],[12],[14]-[20] experimental verification 
has thus far been limited to a two-dimensional geometry [21], i.e., an ensemble of parallel 
rods, and to the mid-IR frequency range. While this geometry provides a proof-of-
principle demonstration of the circuit theory, it is still far from the optical analog of 
individual, three-dimensional (3D) lumped circuit elements that could be freely combined 
into optical frequency nanocircuits of arbitrary complexity. 
Here we present a significant step toward this direction by experimentally 
realizing and demonstrating 3D lumped nanocircuitry at visible wavelengths. To prove 
this concept, we utilize a simple optical antenna platform consisting of an individual gold 
dimer nanoantenna. This specific nanoantenna geometry is of particular interest due to its 
inherently large radiation efficiency and its strong tunability[11],[16],[18],[22]. 
Individual antennas are loaded with media of specific geometries and dielectric 
properties, enabling a full control of the loaded nanoantenna by an optical 
nanocircuit[10],[11],[14]-[16],[18],[23],[24]. We demonstrate both series and parallel 
combinations of nanocircuit elements (i.e., resistors, capacitors, and inductors) by 
appropriately loading specific arrangements of dielectric, semiconducting, and metallic 
nanoparticles in the antenna gap. Experimental measurements of the individually loaded 
nanoantennas confirm excellent tunability of the antenna impedance, resonance 
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wavelength, filtering, and scattering properties. The experimental results agree well with 
our analytical predictions based on optical circuit theory and full-wave simulations. 
3.2 BACKGROUND OF BUILDING SINGLE ELEMENT NANOANTENNA AND NANOCIRCUIT 
LOAD 
Our optical dimer nanoantenna consists of two closely spaced gold nanodiscs 
fabricated on a 100 nm SiO2 coated Si substrate (Figure 3.1a). The diameter and 
thickness of the gold discs are d = 116 nm and t = 50 nm, respectively. The gap between 
the two discs is g = 30 nm. By applying the Thévenin theorem to the gap terminals, we 
can define the effective optical impedance of the nanodimer as a a aZ R i X  . Figure 
3.1b shows the antenna resistance aR  and reactance aX  as a function of wavelength. 
The curves are obtained using a semi-analytical retrieval method[18] by de-embedding 
the inherent capacitive effects that arise at the gap (see Methods). The same dimer 
nanoantenna is used throughout all the following examples. The optical impedance of the 
dimer nanoantenna is an intrinsic value, solely dependent on the antenna geometry and 
the material from which it is fabricated, not on the various materials to be loaded into the 
gap. By properly manipulating the nanoantenna load we may control and tune the antenna 
radiation properties over a broad range of wavelengths, in direct analogy to a radio-
frequency antenna. 
When the dimer nanoantenna is excited by light with the incident electric field 
parallel to the dimer axis (see Figure 3.1a), the antenna gap filters the incoming signal, 
operating as a parallel (shunt) combination of the antenna impedance aZ  and the load 
impedance at the gap. In order to provide a further insight, we examine the field 
distribution inside and around the dimer gap in the case of the unloaded nanoantenna 
(Figure 3.1b). For optical circuitry, the E-field component of the incident electromagnetic 
wave is the counterpart of the circuit voltage. The electric field changes sign when 
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crossing the dimer antenna terminals, ensuring continuity of the displacement currents 
across the gap and locally satisfying Kirchhoff’s second law.  
 
Figure 3.1: Geometry, nanocircuit model, and intrinsic impedance of a dimer 
nanoantenna. (a) Schematic of the unloaded dimer nanoantenna and its corresponding 
circuit model; (b) Intrinsic resistance and reactance of the dimer nanoantenna as a 
function of wavelength. The electric field distribution across the unloaded nanoantenna 
shows the parallel combination of the antenna and its capacitive gap. (Reprinted with 
permission from Nano Lett., 2013, 13 (1), pp 142–147. Copyright 2013 American 
Chemical Society) 
The load in the gap therefore contributes an impedance, which is added in parallel 
to the intrinsic impedance of the dimer nanoantenna. The type of the complex impedance 
that the load may possess is determined by the dielectric properties of the material at 
optical frequencies. If the load is a dielectric with Re() > 0 at optical frequencies, it 
provides a capacitive impedance. If the load is a metal with Re() < 0 at optical 
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frequencies, it acts as an inductive impedance. The material loss of the load Im() can be 
represented by a resistor element. From these basic elements [17],[19], complex 
nanocircuits can be constructed by combining suitably designed arrangements of different 
nanoparticle loads in the gap of the dimer nanoantenna.  
3.3 EXPERIMENTAL VALIDATION OF SINGLE ELEMENT NANOANTENNA WITH 
NANOCIRCUIT LOAD 
We start by first considering the simple case of a SiO2 nanorod (Re() > 0) loaded 
into the dimer antenna gap (see Figure 3.2a). The dimension of the rod is defined by its 
width, length, and thickness ( w g t  ). Scanning electron microscope (SEM) images of 
the SiO2 loaded antennas with different load widths are shown in Figure 3.2b (Fabrication 
details are provided in Methods). The optical response of the single nanoantennas with 
different loads is measured using dark-field microscopy and their scattering spectra are 
shown in Figure 3.2c. It is evident that the load can efficiently manipulate the dimer 
nanoantenna resonance, producing a successive red-shift in wavelength as the width of 
the SiO2 rod increases. The experimental results agree well with the predictions obtained 
from full-wave simulations (Figure 3.2d).  
Figure 3.2a shows the equivalent nanocircuit of the SiO2 loaded nanoantenna. 
According to the nanocircuit paradigm [19], the SiO2 load represents a capacitance, 
which can be simply described by the formula /C wt g , where   is the load 
permittivity. The total input impedance at the gap can then be calculated using 
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Figure 3.2: Dimer nanoantenna with capacitive loading. (a) Configuration of the SiO2 
loaded antenna and its corresponding circuit model; (b) SEM images of the SiO2 loaded 
antennas. The widths of the SiO2 rods are 23w nm , 30w nm , 50w nm   for 
loads 1-3. The antenna gap dimension is 30g nm , and the SiO2 loads have the same 
thickness as the gold discs, 50t nm . All scale bars in the SEM images are 50 nm. The 
frame colors of the SEM images in panel (b) correspond to the colors of the different 
loads shown in panels c to f: red (load1), green (load 2), and blue (load 3). (c) 
Experimental scattering spectra; (d) Corresponding simulated scattering spectra; (e) 
Calculated input resistances of the loaded nanoantennas as a function of wavelength; (f) 
Calculated intrinsic susceptance of the unloaded nanoantennas (black curve) and the 
susceptances of the loads as a function of wavelength. The intersections indicate the 
open-circuit resonances; (g) Comparison of the resonance wavelengths extracted from the 
experiment, numerical simulation, and the circuit model; h, Calculated capacitance values 
for loads 1-3. (Reprinted with permission from Nano Lett., 2013, 13 (1), pp 142–147. 
Copyright 2013 American Chemical Society) 
Figure 3.2e shows the input resistances (the real part of Zin) as a function of 
wavelength for different cases, as obtained using Eq. (3.1) with aZ  extracted from 
Figure 3.1b. A scattering maximum is observed in the spectrum at the open-circuit 
resonance of the loaded nanoantenna. At this peak wavelength, the antenna exhibits 
maximum scattering/absorption in its receiving operation and could be matched to a 
suitable feed line or a localized optical source in its transmitting operation. According to 
Eq. (1), this resonance arises when the intrinsic antenna susceptance 1Im aZ
    is 
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compensated by the capacitive susceptance of the load C . Figure 3.2f shows these 
two quantities as a function of wavelength. The circles in the figure are used to highlight 
the wavelength positions where the nanoantenna susceptance intersects with the 
susceptances of different loads, demonstrating the tunability of the open-circuit resonance 
through a capacitative load as predicted by our nanocircuit model. By inserting bigger 
SiO2 nanorods into the nanoantenna gap and therefore larger capacitances, the antenna 
resonance shifts to longer wavelengths, consistent with the resonance shifts as shown in 
Figures. 3.2c-e. 
 
 
Figure 3.3: Dimer nanoantenna with quantum-dot loading. (a) Configuration of the 
CdTeSe@ZnS quantum dot loading and its corresponding circuit model. (b) SEM images 
for the loaded antennas. The radii of the quantum dot clusters are 12a nm , 14.5a nm
, 17.5a nm , 22.5a nm  for loads 1-4. The remaining dimensions are consistent 
with the previous examples with other types of loads. All scale bars in the SEM images 
are 50 nm. (c) Experimental scattering spectra; (d) Corresponding simulated scattering 
spectra; (e) Calculated input resistances of the loaded dimer antennas; (f) Intrinsic 
susceptance of the unloaded nanoantenna (black curve) and the susceptances of the loads 
as a function of wavelength. The intersections indicate the open-circuit resonances; (g) 
Comparison of the resonance wavelengths extracted from the experiment, numerical 
simulation, and the circuit model. (Reprinted with permission from Nano Lett., 2013, 13 
(1), pp 142–147. Copyright 2013 American Chemical Society) 
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Figure 3.2g compares the resonance positions extracted from the experiment, 
simulation, and circuit theory for each loaded dimer nanoantenna. These three sets of data 
match very well, confirming that capacitive loading can effectively manipulate the 
antenna resonance, as quantitatively predicted by Eq (3.1). The slight discrepancies 
between experiment and calculations are partially due to imperfections in fabrication due, 
for example, to small size and thickness variations through lithography and metal 
deposition. In addition, the circuit model assumes a uniform field distribution in the 
antenna gap, whereas the edges of the realistic structures may introduce fringing field 
effect. Still, excellent agreement is found, ensuring that the nanocircuit approach may 
lead to enormous simplifications in the design and operation of loaded nanoantennas. The 
table in Figure 3.2h displays the capacitance values for different loads. These values are 
extremely low, on the order of an attoFarad (10
-18
 F). This implies that the RC time 
constant of the nanostructure is extremely small. Larger capacitance values may be 
obtained by replacing the SiO2 load medium with semiconductor materials of higher at 
optical frequencies, for example, CdTeSe@ZnS core/shell quantum dots and thus 
increasing the wavelength tunability (see Figure 3.3). 
Significantly more advanced impedance tuning capabilities can be obtained by 
introducing combinations of variable nanocircuit elements. In the following, we 
demonstrate two examples of higher-order filters. When a gold nanoparticle with 
diameter d is loaded into the nanoantenna gap, the corresponding nanocircuit model is an 
LC series as shown in Figure 3.4a. This represents a second-order nanofilter. The gold 
nanoparticle acts as an optical frequency inductor and the two gaps between the gold 
nanoparticle and the discs of the nanoantenna behave as two capacitors. In our 
experiment, we sequentially increase the diameter of the gold nanoparticle until it is in 
conductive contact with both nanoantenna discs. The experimental and simulated 
 48 
scattered spectra are shown in Figures 3.4c and 3.4d, respectively. Following the 
nanocircuit paradigm, the inductance of the loaded gold particle can be described by 
 
1
2 2L d 

   and the gap capacitances are 
1 0
1
wt
C
g
 , 2 0
2
wt
C
g
 , where g1 and 
g2 represent the residual gap sizes between the load and the dimer nanoantenna terminals. 
The total input impedance at the gap can then be calculated as 
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Figure 3.4: Dimer nanoantenna loaded by a second-order nanofilter. (a) Configuration of 
the gold loaded nanoantenna and its corresponding nanocircuit model; additional 
capacitances arise from the small gaps between the load and the two discs; (b) SEM 
images of the gold loaded antennas. The diameter of the gold load in the gap is 
20d nm  and 28d nm for loads 1 and 2, respectively, and the rod width of load 3 is 
20w nm . The remaining dimensions are consistent with the previous examples in 
Figure 3.2. All scale bars in the SEM images are 50 nm. (c) Experimental scattering 
spectra; (d) Corresponding simulated scattering spectra; (e) Calculated input resistances 
of the loaded nanoantennas as a function of wavelength; (f) Intrinsic susceptance of the 
unloaded nanoantenna (black curve) and the susceptances of the loads as a function of 
wavelength. The intersections indicate the open-circuit resonances; (g) Comparison of the 
resonance wavelengths extracted from the experiment, numerical simulation, and the 
circuit model;  (h) Calculated nanocapacitive and nanoinductive values for loads 1-3. 
(Reprinted with permission from Nano Lett., 2013, 13 (1), pp 142–147. Copyright 2013 
American Chemical Society) 
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Figures 3.4e and 3.4f show the input resistances and susceptances as a function of 
wavelength for different load cases, calculated using the nanocircuit theory with the same 
antenna impedance aZ  extracted from Figure 3.1b and Eq. (3.2). The capacitances and 
inductances of the nanocircuit elements are provided in Figure 3.4h. The capacitance 
values for this structure are also very small, in the attoFarad range, with the 
corresponding inductances in femtoHenries (10
-15
 H), ensuring high resonance 
frequencies in the visible regime (  
1/2
r LC

 ). The presence of metal losses 
introduces a small imaginary part into the inductance, which corresponds to a small series 
resistance in the circuit model (not illustrated in Figure 3.4a). 
In this second-order nanofilter scenario, the circuit load induces more complex 
frequency response, which allows for more flexible control of the antenna impedance 
dispersion and its wavelength-dependent scattering characteristics. In particular, we see 
in Figure 3.4f that the load susceptance can be tailored in a much broader fashion to 
support resonant dispersion and a range of both positive and negative reactive values, as a 
function of the relative weight of inductance and capacitance in the series nanocircuit. 
This enables impedance matching of the nanoantenna susceptance in different 
wavelength windows and provides a variety of bandwidths and scattering response as a 
function of the overall reactance of the load. This directly leads to a more variable 
dispersion of the resonance maximum of the open-circuit nanoantenna (Figure 3.4e), 
which translates into more tunable far-field scattering response of the loaded nanoantenna 
(Figures 3.4c and 3.4d). Figure 3.4g shows that the full-wave simulations and the 
experimental results follow the nanocircuit model predictions extremely well in terms of 
the open-circuit resonance. The resonance position and bandwidth can be broadly tuned 
by changing the filter response of the load. The corresponding field distribution (see 
Figure 3.5) is fully consistent with this model, showing the continuity of the displacement 
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currents flowing in the three reactive elements in the nanoantenna gap. The strong 
interaction of the electromagnetic field with the load and its specific polarization ensure 
the accuracy and applicability of our nanocircuit model across the entire wavelength 
range of interest.  
 
 
Figure 3.5: Field distribution of the nanoantenna with inductive loading. (a) Field 
distribution around the nanoantenna with the gold nanoload; (b) Enlarged view of the 
field across the gap. It shows that the electric field flips sign across the terminals of the 
nanoantenna and the boundary of the gold nanoload. This is consistent with the circuit 
model. (Reprinted with permission from Nano Lett., 2013, 13 (1), pp 142–147. Copyright 
2013 American Chemical Society) 
When the gold nanoparticle completely fills the nanoantenna gap (see load 3), the 
series capacitance is absent (see also Figure 3.4h). In this case, the RL load becomes 
purely inductive and the susceptance curve (blue curve in Figure 3.4d) barely intersects 
with the nanoantenna susceptance curve. The resonance is significantly blue-shifted and 
decreases in intensity. This effect is associated with a much smaller peak in the 
corresponding input resistance (Figure 3.4e). This may be particularly useful for 
a b
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impedance matching the nanoantenna to lower impedance feeds, such as plasmonic 
wires, and shows the large degree of flexibility offered by a higher-order filter. When the 
metallic load is in direct contact with the nanoantenna arms, the electrons in the metal can 
move across the gap. Even in this extreme scenario, the nanocircuit theory holds a very 
good agreement with the experimental and full-wave simulation results (Figure 3.4g).  
 
 
Figure 3.6: Dimer nanoantenna loaded by a third-order nanofilter. (a) Configuration of a 
gold partially loaded nanoantenna and its corresponding circuit model. C1 and C2 are 
obtained by leaving small gaps between the gold load and the two discs of the 
nanoantenna. C3 is obtained by decreasing the thickness of the gold load; (b) SEM 
images of the gold partially loaded antennas. The thickness of the gold load in the gap is 
30 nm and the diameters of the gold load are 22d nm , 24d nm , and 26d nm  for 
loads 1-3. The remaining dimensions are consistent with the previous examples in Figure 
3.2. All scale bars in the SEM images are 50 nm. (c) Experimental scattering spectra; (d) 
Corresponding simulated scattering spectra; (e) Calculated input resistances of the loaded 
nanoantennas as a function of wavelength; (f) Intrinsic susceptance of the unloaded 
nanoantenna (black curve) and the susceptances of the loads as a function of wavelength. 
The intersections indicate the open-circuit resonances; (g) Comparison of the resonance 
wavelengths extracted from the experiment, numerical simulation, and the circuit model; 
h, Calculated nanocapacitive and nanoinductive values for loads 1-3. (Reprinted with 
permission from Nano Lett., 2013, 13 (1), pp 142–147. Copyright 2013 American 
Chemical Society) 
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As a final example of the flexibility and potential of this approach, we 
demonstrate a third-order nanofilter. This is realized by using a thinner gold particle load 
than the antenna itself in the gap, which is equivalent to loading the nanoantenna with a 
capacitor (C3) and an inductor (L), simultaneously leaving suitable gaps to the 
nanoantenna terminals, which behave as two additional capacitors (C1 and C2) as shown 
in Figure 3.6a. In this case, the loading in the antenna gap corresponds to an LC parallel 
circuit in series with two additional capacitances. The additional parallel capacitance C3 
leads to sharper response in the impedance dispersion as well as sharper scattering 
features measured in the far field (Figure 3.6c). The impedance values of this third-order 
nanofilter are shown in Figure 3.6h for different cases. Our experimental and simulated 
results agree very well, again supporting our nanocircuit model (Figure 3.6). In this 
scenario, the four reactances can cooperatively tailor the open-circuit resonance peak and 
impedance dispersion of the dimer nanoantenna. Figure 3.7 shows the field distributions 
of the loaded antenna at two different cutting planes. Continuity of the displacement 
current is also confirmed in this more complex nanocircuit, which ensures the validity of 
our circuit model. 
Our work in this chapter provides an experimental demonstration of the 
nanocircuit paradigm to control and manipulate the optical response of nanoantennas. We 
have experimentally realized various topologies of first-order, second-order, and third-
order 3D nanofilters to tune and match an individual optical nanoantenna. To our 
knowledge, this represents the first realization and verification of 3D optical frequency 
nanocircuits. These results present a blueprint for controlling and tuning optical 
frequency nanophotonic devices using nanocircuits, analogous to turning the frequency-
tuning knob of a radio. This is remarkably different from antenna tuning through other 
strategies [25]. Our concept introduces optical nanoscale circuits based on fully three-
 53 
dimensional lumped elements, used to tune at will an optical nanodimer. We believe that 
our work paves the way to the eventual development of integrated optical frequency 
circuit boards and optical wireless links that bridge on-chip nanoscale optical signals to 
the far field. 
 
 
Figure 3.7: Field distribution of the nanoantenna with parallel loading. (a) Enlarged view 
of the field distribution surrounding the nanoantenna gap within the inductive loading 
region ( z  = 12.5 nm ); (b) Enlarged view of the field distribution surrounding the 
nanoantenna gap within the capacitively loading region ( z  = 37.5 nm ). (Reprinted with 
permission from Nano Lett., 2013, 13 (1), pp 142–147. Copyright 2013 American 
Chemical Society) 
3.3.1 Nanofabrication details 
 The antenna structures and alignment markers are first defined in poly(methyl 
methacrylate) resist using electron-beam lithography on a 100 nm SiO2 coated Si 
substrate. The substrate is then covered with 1 nm titanium adhesion film and 50 nm gold 
film using electron-beam evaporation followed by a lift-off procedure. Next, the substrate 
is coated once more with poly(methyl methacrylate) resist. Computer-controlled 
a b
x
y
z
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alignment at the sub-10 nm level using the gold alignment markers is applied to ensure 
the accurate positioning of the nanoload pattern in the antenna gap. Subsequently, the 
nanoload material is obtained by covering the substrate first with 1 nm titanium adhesion 
film and then the target material using electron-beam evaporation followed by a lift-off 
procedure. 
3.3.2 Optical measurement of single element nanoantenna 
The scattering spectra of the single nanoantennas with different loads are 
collected using dark-field microscopy. The microscope used is a Zeiss Axiovert 200 
MAT, the CCD is a Princeton Instruments Pixis 400 BR, and the spectrograph is an 
Acton 2156i imaging spectrograph. The objective used is a long working distance 
objective with numerical aperture of 0.55.  
3.3.3 Numerical simulation of the loaded nanoantennas 
The full-wave numerical simulations are obtained using a commercial 
implementation of the Finite Element Method (COMSOL Multiphysics). A plane wave 
with electric field linearly polarized along the antenna axis is employed to analyze the 
far-field scattering properties in the loaded and unloaded scenarios. The permittivity of 
SiO2 is taken as 2.09, and the empirical dielectric function of bulk gold is used [26].  
3.3.4 Calculation of input impedance 
The intrinsic impedance of the dimer nanoantenna was calculated using a retrieval 
method based on full-wave numerical simulations [27]. It was sufficient to conduct one 
numerical simulation of the nanoantenna driven by a discrete current source to retrieve 
the intrinsic resistance aR  and reactance aX  as shown in Figure 3.1b and use them for 
the loaded antenna cases. The retrieval algorithm is based on equations introduced in 
Chapter 2 [18], with  
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0r  and 0x  are the input resistance and reactance of the dimer antenna, which is excited 
by a discrete current source at the empty gap. 0 /airC S g is the capacitance at the 
empty gap to be de-embedded, S  is the effective area of the capacitor at the gap, and g  
is the gap dimension. The fringing fields close to the edge of the capacitor are negligible 
here because the diameter of the loaded particle is larger than the effective width of the 
gap.  
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 Chapter 4: Theoretical Analysis of the Chiral Effect of Mestasurfaces 
So far we have walked through the theoretical designs and optimization of single 
element nanoantennas, and experimentally demonstrated the feasibility of realizing these 
building blocks loaded with different nanocircuit elements, providing large at optical 
frequencies. In this chapter, we will explain theoretically how chiral effect could arise by 
specific designing thin sheet of two dimensional nanoantenna arrays, also called 
metasurfaces. The chiral effect is one of the means that could lead to broadband circular 
polarized filtering effect, which could function similarly as the filtering effect in the 
vision system of the biological species we introduced initially, such as the mantis 
shrimps. 
In this context, we discuss in details in this chapter the theoretical basis and 
numerically model the physical mechanisms behind extrinsic chiral effects induced over 
ultrathin plasmonic metasurfaces and in optical metamaterials characterized by controlled 
arrangements of stacked metasurfaces. We explain these effects using analytical models, 
supported and validated by full-wave numerical simulations. We also provide physical 
insights into the anomalous optical effects offered by these nanodevices and we envision 
potential optical applications of these concepts.  
4.1 INTRODUCTION 
The nature of light propagation has fascinated mankind for centuries and has been 
studied since ancient times by Greek philosophers, who were the first to discover that 
light travels along straight lines in homogeneous media, can be focused by curved 
glasses, can be reflected by smooth surfaces and is refracted when crossing interfaces 
between media with different density. Mankind has been using these properties to 
transmit signals, detect and exchange information for centuries. The physical principles 
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behind these phenomena were established well before 1900 and are based on structures 
and devices many wavelengths large. However, due to recent advances in science and 
technology, scientists and researchers have become more interested in controlling the 
interaction of light with matter in nanostructures of size comparable with the wavelength 
of operation. These possibilities can largely overcome the conventional limitations of 
light manipulation and their applications, mostly associated with the diffraction limit. It 
has been found, in particular, that nanoparticles and their collections may achieve exotic 
phenomena that are not available in conventional optics. The whole research area of 
metamaterials, currently one of the most popular in optics, has emerged from these 
concepts [1]-[21]. In the following, we review our recent efforts in using metasurfaces 
and their combinations to realize unique chiral effects at the nanoscale, and in modeling 
these effects using analytical techniques that can provide physical insights into these 
anomalous optical phenomena. 
It is interesting that one of the first forms of exotic artificial materials, realized 
over a century before the term ‘metamaterials’ was even coined, was produced with the 
goal of largely increasing optical activity and chirality in natural materials by J. C. Bose 
in 1898 [22],[23]. In these early experiments, twisted artificial molecules were used to 
introduce strong chiral effects that were essential to tailor and control the polarization of 
light and create circular polarization. Today even more than at those times, control and 
detection of the polarization state of light is fundamental in several optical and photonic 
applications, and it is one of the relevant functionalities that distinguish several biological 
species [24]-[27] from the human vision system, which cannot detect polarization 
information. Although linear polarizers are quite easily realized, and they may work over 
a broad range of frequencies, detection of circular polarization is more challenging, since 
it is inherently based on phase detection, and it may be usually performed only over a 
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limited range of frequencies using quarter-wave plate technology. However, biological 
species can detect circular polarization information over much broader bandwidths, and 
they are able to use this information for orientation, signaling and defense. Therefore, it 
would be very relevant to develop analogous functionalities in a man-made photonic 
system operating at the nanoscale. 
As we will discuss in the following, the exotic features of plasmonic metasurfaces 
in the visible domain may provide the necessary tools to induce compact resonances and 
anomalous optical response for strong chiral effects. In the following sections, we first 
put forward a general theoretical model for ultrathin planar plasmonic metasurfaces, with 
particular attention to their chiral effects, using an averaged transmission-line shunt 
admittance tensor based on the generalized dipolar polarizability of the inclusions 
forming the array. In our model, we fully take into account the dynamic interaction 
within the array and the cross-polarization coupling. We validate the accuracy of our 
approach and its limitations by comparing the homogenized metasurface model with full-
wave numerical simulations based on finite-integration techniques (CST Microwave 
StudioTM 2011), in order to outline the conditions under which the averaged optical 
surface impedance may accurately describe the complex wave interaction of planar 
plasmonic metasurfaces. Then, we apply this analytical model to explore various 
technological approaches to achieve strong chiral effects using metasurfaces, such as the 
realization of lithographic periodic arrays of nanoparticles and stacks of plasmonic 
metasurfaces to form twisted metamaterials, a concept that we have recently introduced 
to provide strong, broadband optical activity based on a lattice effect [28]. 
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4.2 WAVE INTERACTION WITH PLANAR METASURFACES: THEORETICAL BASIS 
One of the major advantages of metasurfaces is the relaxation of complicated 
fabrication processes required in three-dimensional metamaterials, which is especially 
challenging at optical frequencies. Recent works based on a three-dimensional 
lithographic method, direct laser writing (DLW), have demonstrated the realization of 
three-dimensional metamaterials that exhibit strong, broadband chirality in the near-IR to 
mid-IR regime [29],[30]. DLW is an emerging microfabrication technique based on two-
photon absorption to initiate polymerization; the limitation of this method resides in the 
ultimate feature dimensions that may be achieved in the fabricated structure, which is 
ultimately dominated by the diffraction limit [31]-[33]. This is due to the fact that light 
sources commonly utilized in this fabrication method are Ti: Sapphire lasers with an 
emitting wavelength centered at 800nm; therefore, the voxel size is severely limited by 
this length scale. So far the smallest feature achieved with this method is in the micro-
meter range. Planar lithographic methods, such as electron beam lithography, on the 
contrary, utilize electron beams, implying that, theoretically, the minimum spot size can 
be as small as a few nanometers, which can provide more possibilities for metamaterial 
applications in the visible range, including optical activity. Chirality has been 
demonstrated in either planar [34]-[38] or three-dimensional metamaterials [28],[39] 
using this fabrication technique. Planar metasurfaces generally exhibit much weaker 
chiral effects compared with three-dimensional geometries, because an infinitesimally 
thin surface is inherently achiral, and excitation at oblique incidence or nonreciprocal 
responses are required to distinguish between left-handed (LCP) and right-handed 
circular polarizations (RCP). 
In this chapter, we theoretically discuss how individual and stacked planar 
metasurfaces may provide strong chiral effects and effectively respond as a bulk three-
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dimensional chiral metamaterial. We first consider a single, optically thin metasurface 
located in the 0z   plane, formed by arbitrarily shaped plasmonic nanoparticles 
embedded in a rectangular lattice with periods xd  and yd . We assume here and in the 
following that the lattice constants are much smaller than the wavelength of operation so 
that only the zero-th diffraction order can propagate away from the metasurface plane, 
and that the inclusions are not too densely packed so that the optical wave interaction can 
be modeled using the dipolar approximation with good accuracy. We further assume that 
the inclusions are sufficiently thin in the direction normal to the array to ensure that only 
an optical displacement current tangential to the surface may be induced. 
These assumptions ensure that, when excited by an external plane wave with 
arbitrary polarization and incidence angle  , the inclusions are well described by an 
electric dipole moment parallel to the surface and a magnetic dipole moment normal to it. 
In the planar array, the local fields impinging on each inclusion are given by the 
superposition of the impinging fields and the radiation from other dipoles, due to the 
coupling with the inclusions in the array. Therefore, the metasurface response may be 
compactly described through a generalized array polarizability tensor 
s
α  that relates the 
induced dipole moments at the origin 00p , 00m z  to the impinging fields incE (electric) 
and incH (magnetic), including the full dynamic coupling among the inclusions [40],[41]: 
1
1
00 0
0 00 0 0 0
/
/
ee ttem tz inc inc
s
me mm zt zz inc inc
m C

    

           
                              
p α α C C E z E z
α
α C H z H z
.(4.1) 
In this formula, eeα  is the transverse electric polarizability tensor ( 2 2 ), mm  
is the normal magnetic polarizability coefficient and emα , meα  are the magnetoelectric 
polarizability vectors, which take into account the cross-coupling between transverse 
electric and normal magnetic effects due to artificial magnetism and polarization effects. 
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In addition, the C  elements are the Green’s dyadic coefficients taking into account the 
array coupling [40], z  is the unit normal vector to the array, 0 , 0  and 
0 0 0/    are the free-space permittivity, permeability and characteristic impedance, 
respectively. The reciprocity of the metasurface imposes the Onsager constraints 
[42],[43] on these elements, which may be combined with the reciprocal properties of the 
coupling dyads: 
 , , ,
T TT T
ee ee tt ttme em zt tz     α α α α C C C C , (4.2) 
where the superscript T  indicates the transpose operation, to ensure that the generalized 
polarizability tensor has also a reciprocal form: 
 
 
ee ee em
ee emxx xy xz
s see ee em
Tyx yy yzs em mm
me me mm s s
zx zy zz
  
  

  
              
α α
α
α
. (4.3) 
In general, the elements of the generalized polarizability tensor are dependent on 
the incidence angle, as a symptom of spatial dispersion in the array, due to the influence 
of the coupling dyadics. For smaller periods, however, these effects are usually small. 
The induced dipole moments on all the other inclusions are related to 00p , 00m  through 
a simple phase shift associated to the momentum of the impinging excitation, which is 
conserved. 
It follows that, within the dipolar limit, the tensor 
s
α  compactly describes the 
metasurface interaction with an arbitrary impinging plane wave, which effectively 
induces an averaged electric surface current density tangential to the plane 
  /e
x y
j
A m
d d

 00
p
K , (4.4) 
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and a normal magnetic surface current density 
  00 /m
x y
j m
V m
d d

K z . (4.5) 
We have indicated the units of eK  and mK  in these formulas for clarity. 
4.2.1 Transverse-Magnetic (TM) excitation 
For TM polarized excitation, without losing in generality 
 
2 2
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ˆx xj k k z jk x
E
e e
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  
inc
H y , (4.6) 
where 0k  is the wave number in free-space. The associated incident electric field is 
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The induced averaged surface currents radiate plane waves described by the 
vector potentials 
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KA , (4.8) 
and 
 
2 2
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0
e
2
xj k k z
m
x
j
k k
 

F K . (4.9) 
From these expressions, it is easy to calculate the transmitted and reflected fields. 
First, by combining all the previous equations, we find the total transmitted magnetic 
fields associated with the magnetic potential A : 
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and the corresponding reflected magnetic field 
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Therefore, the transmission and reflection coefficients for electric fields due to the 
induced electric current density are compactly given by: 
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where 2 2
0 0cos /xk k k   .  mm mmT R  and  em emT R  are the transmission 
(reflection) coefficients for TM incident polarization radiating TM and TE polarizations, 
respectively. 
The electric potential F  similarly generates a transmitted electric field 
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and a reflected field 
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Therefore the transmission and reflection coefficients due to the magnetic current 
density for TM excitation are: 
 
0
0
2
0
2
0
m me
em zx
x y
m me
em zx
x
m
m
m
y
m
m
m
T
R
jk sin
T
d d
jk sin
R
d d




 
 


. (4.15) 
Summing Eq. (4.12) and Eq. (4.15) we find the total transmission and reflection 
coefficients for TM excitation: 
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. (4.16) 
The above equations compactly describe the interaction of the metasurface with 
arbitrary TM impinging waves. Notice that the relations 1mm mmT R   and em emT R  
hold due to the continuity of the tangential electric field on the surface, which was 
supposed here to be infinitesimally thin. 
4.2.2 Transverse-Electric (TE) plane wave incidence 
For transverse electric (TE) excitation, we can assume without losing generality 
that the impinging electric field is given by 
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The radiated fields can be similarly calculated as in the previous section, but now 
also the normal component of the magnetic field can contribute to induce transverse 
electric currents on the surface. The transmitted electric field produced by the electric 
current density is 
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and the corresponding reflected field is 
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Therefore the transmission and reflection coefficients due to electric current 
density are similarly calculated as 
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. (4.20) 
Also the magnetic current density may be induced by both electric and magnetic 
fields. The transmitted electric field due to its contribution is given by 
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and the reflected field is 
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Therefore, transmission and reflection coefficients for TE excitation induced by 
the magnetic current density are 
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By combining (4.20) and (4.23) we find the total transmission and reflection 
coefficients for TE excitation: 
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Also in this case ( ) ( ) ( ) ( )1 ,ee mm ee mm em me em meT R T R   , as expected. 
4.2.3 Circularly polarized plane wave incidence 
Since we are interested in the overall chiral response of the metasurface, we can 
now transform the reflection and transmission tensors obtained in the previous 
subsections from a linear into a circular basis, assuming circularly polarized inputs. This 
is easily obtained by considering the following transformation: 
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which constructs the transmission matrix for circularly polarized inputs 
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where the second letter in the subscript of each element refers to the polarization of 
excitation (LCP or RCP) and the first one to the transmitted polarization. We can express 
the elements of (4.26) in terms of the polarizability elements, obtaining: 
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Similar expressions can be derived for the reflection coefficients, not reported 
here for brevity. 
 
Figure 4.1: Comparison of LLT  (solid curves) and RRT  (dotted curves) at normal (black) 
and oblique incidence (45°, red), for (a) PEC and (b) silver split-ring-resonator 
metasurfaces. The unit cell element and direction of propagation is shown in the insets. In 
both cases, the metasurface lies on the   plane and lacks mirror symmetry along the y 
direction, creating a nonzero term, which is responsible for the difference between LLT  
and RRT  at oblique incidence. 
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By inspecting Eqs. (4.27)-(4.30), we find that a nonzero difference between LLT  
and RRT  can only occur at oblique incidence, i.e., 0  . This is due to our assumptions 
of infinitesimally thin surface and reciprocal response, which makes a planar 2-D surface 
excited at normal incidence inherently achiral for symmetry. In addition, even at oblique 
incidence, LCP and RCP response may be distinguishable only when the bianisotropy 
term 
em
xz  is nonzero, which requires no mirror symmetry along y . Analogously, if the 
plane of incidence is in the yz  plane, the polarizability tensor element responsible for 
the difference between the two handedness is 
em
yz , which is nonzero for inclusions 
without mirror symmetry along x , consistent with the discussions in [37]. This is shown 
in Figure 4.1 for two representative inclusions with asymmetric properties along y . 
When excited at normal incidence, the metasurfaces provide LL RRT T , but when excited 
at 45° in the xz  plane, the two transmission coefficients support a different response for 
the two circular polarizations, with sharp differences around the inclusion resonance. 
Although this phenomenon is inherently narrowband, it may be exploited to induce chiral 
response on a single, ultrathin surface, which may be of interest for several optical 
applications (see [37] and references therein). 
4.2.4 Surface impedance model 
It is obvious from the previous results that a single, ultrathin metasurface can 
hardly provide chiral response over a broad bandwidth. For this reason, we aim to apply 
our results to model stacks of cascaded multilayered structures, which we can analyze 
using the transmission-line approach based on the results of the previous sections. This 
approach assumes that the main coupling mechanism among parallel metasurfaces is 
associated with the zero-th order diffraction from the surface, consistent with the 
previous analysis. This assumption is valid as long as the distance between neighboring 
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surfaces is larger than the period among inclusions in each plane [44]. For simplicity, we 
will limit our analysis to normal incidence, which ensures that the magnetic current 
density does not contribute to radiation, consistent with (4.15), (4.23). This ensures that 
our metasurface can be modeled as a 2 2  shunt admittance element with surface 
impedance sZ  or admittance sY : 
 
1xx xy
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Z Y . (4.31) 
Each element in the matrix mn mn mnZ r ix   is a complex quantity with real part 
mnr denoting the resistance and imaginary part mnx  representing the reactance. They 
define the relation between total electric fields on the surface and induced average current 
density: 
   10 0 0se tot tot totz z z 
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    K z H H Z E . (4.32) 
By using the previous results, we can obtain in closed form all the elements of the 
impedance tensor: 
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Equation (4.33) effectively relates the impedance description to the previous 
analysis, connecting the surface impedance to the generalized polarizability of each 
metasurface. Conversely, it may also be used to retrieve the effective surface impedance 
with simple scattering measurements, since the transmission (reflection) coefficients are 
measurable quantities. Similarly to Eqs. (4.16)-(4.24), transmission (reflection) 
coefficients in linear basis may be expressed in terms of the impedance matrix elements 
as 
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and (4.25) may be used to convert them into a circular basis. 
After some manipulations, we find that a nonzero impedance on the off-diagonal 
term xy xy xyZ r ix   is responsible for a nonzero value of 
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Consistent with the previous results, reciprocity at normal incidence requires 
LL RRT T , and the magnitude of the ratio between cross-polarization terms can be simply 
written as 
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This result, combined with the fact that a reciprocal metasurface satisfies 
T
s sZ Z  and a lossless metasurface requires 
*T
s sZ Z , where the asterisk denotes 
complex conjugate, indicates that losses are inherently required to introduce circular 
dichroism and a difference in the observed cross-polarization terms for a single 
metasurface. In the next chapter, we will first discuss the surface impedance model in 
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more details and apply these results to the more exciting possibilities offered by stacked 
metasurfaces. 
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Chapter 5: A Surface Impedance Model for Homogenized Two 
Dimensional Metasurface 
In the previous chapter, we discussed the theoretical analysis of a single 
metasurface using the Green's function approach, and we have shown such single 
metasurface may exhibit circularly polarized filtering effect only at oblique incidence for 
any reciprocal surface, which is often not practical and narrowband. To achieve the goal 
of circularly polarized vision, normal incidence and broadband are required, consequently 
we proceed to more complicated designs by involving more layers of metasurfaces and 
the proper arrangements of their stacking to provide us with more degrees of freedom in 
the designs.  
Before we can proceed with the multilayer approach, we need to seek a better way 
to model the complex wave-matter interaction between single and multiple metasurfaces 
with the electromagnetic waves to simplify the numerical calculations. In this chapter, we 
will focus on discussing the analytical model of cascaded plasmonic metasurfaces excited 
by normally incident plane waves using a transmission-line shunt admittance model, 
which relates the effective surface admittance of a single metasurface to its inclusion 
polarizability and its plane wave reflection and transmission coefficients. We apply these 
concepts to predict the wave interaction of more complicated setups in which two or 
more stacked surfaces are separated by a varying distance, and possibly rotated with 
respect to one another, for normal incidence excitation. We show that the analytical 
model holds very well under suitable conditions, and we verify our analytical results with 
full-wave numerical simulations, including material dispersion and loss of optical 
materials. 
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5.1 INTRODUCTION 
Metamaterials are usually described through an averaged effective bulk 
permittivity and permeability, in a similar manner metasurfaces may be described by an 
averaged surface impedance (or admittance), compactly characterizing their bulk wave 
interaction properties. These concepts have been introduced several years ago to simplify 
the design and modeling of properly patterned conductors, or frequency selective 
surfaces, at microwave frequencies for antenna and filtering applications [1]. 
Using the optical nanocircuit concepts [2],[3], analogous impedance concepts 
may be extended to the optical domain to characterize and model planar and conformal 
2D arrays, in a similar fashion as they have been applied to realize 3D optical 
metamaterials [4]. In particular in the field of optics, metasurfaces may offer various 
advantages for some applications compared to bulk metamaterials in terms of ease of 
fabrication (3-D optical metamaterials are more challenging to realize), integration with 
other photonic devices and extremely low profile. In addition, the exotic features of 
plasmonic materials [5] in the visible domain may provide the necessary tools to induce 
compact resonances and anomalous optical response with naturally available materials. 
In this chapter, we aim at modeling thin plasmonic metasurfaces with an averaged 
transmission-line shunt admittance tensor based on the dipolar polarizability of the 
inclusions forming the array, taking rigorously into account the full dynamic interaction 
within the array and the possible cross-polarization coupling. In particular, we aim at 
verifying whether this compact description, which may be retrieved for an isolated array 
excited at normal incidence from its reflection and transmission properties, as already 
shown for isolated metafilms [6], may hold to describe their optical interaction in the case 
of more complex setups, in which cascaded and possibly rotated metasurfaces are 
considered. We investigate and compare homogenized metasurface models with full-
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wave numerical simulations based on finite-integration techniques, in order to outline the 
limitations and ultimate conditions under which the averaged optical surface impedance 
concept may accurately describe the complex wave interaction of planar plasmonic 
metasurfaces. 
5.2 PLANE-WAVE INTERACTION WITH PLANAR METASURFACES 
Consider a two dimensional metasurface consisting of generically shaped 
inclusions with periods xd , yd , illuminated by an arbitrarily polarized plane wave, as 
depicted in Figure 5.1. The array is positioned at 0z   and the impinging plane wave 
impinges on the surface at an arbitrary angle  , similarly as the configuration in the 
previous chapter. The excitation may be decomposed, without loss of generality, into 
combinations of transverse-electric (TE) and transverse-magnetic (TM) polarizations 
with respect to the z  axis. Moreover, we assume in our analysis that the inclusions are 
much smaller than the wavelength of operation  0 1k d  , with 0k  being the 
background wave number, and that they are not too densely packed, so that we can model 
their interaction within the dipolar approximation, i.e., higher-order multiples may be 
neglected. It has been shown that a plasmonic metasurface may behave as an effective 
homogeneous impedance surface, as long as these conditions are satisfied [7],[8]. Under 
these assumptions, the metasurface features, and in particular its anomalous resonance, 
are mainly based on the electromagnetic properties of the individual inclusions, and less 
on lattice effects, as they would be in regular gratings. Since we assume that the 
metasurface is ultrathin, the normal component of the current distribution may be safely 
neglected and the geometry and properties of the inclusions may be compactly described 
in the dipolar limit by the transverse electric polarizability tensor α , which relates the 
induced dipole moment to the tangential component of the local electric field at the 
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particle location:  ˆloc t  p α Ε z , where the subscript t indicates that the vector has 
only two components, tangential to the metasurface plane. For nanorods (as in the inset of 
Figure 5.2a), no polarization coupling occurs and the 2 2  polarizability tensor is 
diagonal; for more complicated shapes, such as C-shaped inclusions (Figure 5.2c), the 
polarizability tensor is full. For simplicity of analysis, we neglect here the possible 
presence of artificial magnetic and/or bianisotropic effects, which may arise at oblique 
incidence in the general case. In the following numerical examples, we will focus on 
normal illumination, for which these effects cannot arise. An extended model will be 
presented in a future contribution, including these and other possible higher-order effects. 
The local electric field on the inclusions under these assumptions may be 
generally written as the superposition of the impinging field incE  and the contribution 
from all the other inclusions in the array: 
    ˆ ˆloc inct t    Ε z C p Ε z , (5.1) 
where C  is the interaction dyadic, in general function of the incidence angle, whose 
expressions may be calculated by extending the results in [9],[10] to the cross-
polarization coupling terms. This 2 2  tensor takes into account, within the dipolar 
approximation, of the full coupling among the inclusions in the array, and its elements 
may be calculated with fast-converging expressions using analytical techniques 
analogous to [9],[10]. Using the definition of polarizability, we can write (5.1) as 
      
1
1 ˆ ˆ
inc s inct t

      p α C Ε z α Ε z , (5.2) 
compactly describing the polarization properties of the metasurface via the generalized 
polarizability tensor 
xx xy
s
yx yy
 
 
 
  
 
α , whose elements embed the coupling effects 
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within the array. It should be stressed that this tensor is in general a function of the angle 
of incidence, combining the spatial dispersion effects inherently present in the elements 
of C . It is expected that for sub-wavelength periods these effects may be minor [11]. 
In the following, we relate the transmission T  and reflection R  coefficients of 
the metasurface to this generalized surface polarizability tensor using an averaged field 
approach consistent with [9],[10], applied here to the full tensor α , with the objective of 
analytically modeling the metasurface starting from its scattering properties. We verify 
and validate this model in the next section. We further assume an j te   temporal 
dependence. 
 
 
Figure 5.1: Geometry of the problem: a planar metasurface illuminated by an arbitrarily 
polarized plane wave and its transmission-line model. (Reprinted from Metamaterials 5 
(2), 90-96, (2011). Copyright 2011 Elsevier) 
From the previous chapter, we know that, for TE excitation the incident electric 
field can be written as 
2 2
0
0
xx
j k k zjk x
E e e
 incE y , with  
1
0sin /xk k
 , where we 

k
H(E)
E(H)
Ryy+Ryx
Rxx+Rxy
Txy+Txx
Tyy+Tyx
Ys
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implicitly assume incidence along one of the array axes for simplicity. In the limit in 
which the metasurface period is small, of interest here, the induced dipoles radiate only 
the dominant diffraction order, whose amplitude may be analytically related to the 
averaged current density  /s x yj d dJ p  in a way analogous to the analysis in [9], 
generalized here to the presence of cross-polarization coupling.  
After some algebra and using standard transmission-line concepts with an j te   
time variation, the reflection and transmission coefficients are related to the surface 
polarizability tensor elements as: 
 
2
0
0
2
0
0
2
0
0
2
0
0
2
2
1
2
2
yy
xy
yy
x y
xy
x y
yy
x y
xy
y
yy
xy
x
R
R
T
j
d d k cos
j
d d k
j
d d k cos
T
j
d d k
 


 

 


 


 

 

, (5.3) 
where 0  is the background permeability. The detailed algebraic manipulation can be 
referred to the last chapter. The generic iy  subscript of each element refers to the 
polarization of the radiated electric field (i) with respect to that of the impinging field, in 
this case y. The first element in each row therefore indicates the co-polarized radiated 
fields, i.e., the complex amplitudes of TE reflected and transmitted waves, associated 
with the diagonal term yy  in the generalized polarizability tensor. The second terms, 
on the other hand, are associated with the cross-polarization coupling and off-diagonal 
term xy . 
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For TM excitation, the impinging field may be expressed by duality using the 
impinging magnetic field 
2 2
00
0
xx
j k k zjk xE
e e

 
inc
H y . In this case, the reflection and 
transmission coefficients for electric field become:  
 
0
0
0
0
0
0
0
0
2
2
1
2
2
xx
x y
yx
x y
xx
x y
yx
x y
xx
yx
xx
yx
R
R
T
jk cos
d d
jk
d d
jk cos
d d
jk
d d
T







 

 


, (5.4) 
where 0  is the background permittivity and similar considerations hold: the first term 
in each row corresponds to TM scattered waves, and the second one to cross-polarization 
coupling. For reciprocal inclusions, for which the tensors α  and sα  are symmetric, the 
reflection and transmission tensors R  and T , defined as in (5.3)-(5.4), are also 
symmetric, as expected. Since we have assumed the presence of only tangential currents, 
the continuity of tangential electric fields ensures: 
  Ι R T , (5.5) 
where Ι  is the identity tensor. In practice, this is valid only for optically thin inclusions 
and in absence of magnetic or bianisotropic effects, for which no normal polarization or 
magnetization currents arise, as assumed here. An improved model including these 
effects may be obtained with similar procedures, but this goes beyond the purpose of this 
chapter. 
 87 
5.3 ADMITTANCE TENSOR AND TRANSMISSION-LINE MODEL 
Under the assumptions of the previous sections, an optically thin metasurface may 
be effectively modeled as a shunt admittance element in a generalized 2 2  
transmission line model, as sketched in the bottom of Figure 5.1. In this section, we 
derive the expressions that relate the admittance tensor elements to the scattering 
parameters, in order to retrieve them from numerical simulations. We then validate this 
transmission-line model by applying it to more complicated scenarios. 
5.3.1 Retrieval of the surface admittance tensor elements 
In order to model the scattering problem with a transmission-line model, as 
sketched in Figure 5.1, we need to interpret the tangential components of the total electric 
field as voltage waves traveling in the direction normal to the metasurface and the 
magnetic fields as the associated currents [12]. Eq. (5.5) ensures that the metasurface 
may indeed be modeled as a shunt admittance element, since voltage waves are 
continuous, and the cross-polarization between TE and TM waves requires a tensorial 
form 
xx xy
s
yx yy
Y Y
Y Y
 
  
 
Y , satisfying: 
  0 0 0s tot tot s totz z z       J z H H Y E  (5.6) 
where we use here the total fields at the metasurface location. Using (5.6), we can relate 
the elements of the admittance tensor to the transmission coefficients as: 
 
   
   
0
1
2
1
yy xy
xy yx xx yy xy yx xx yy
yx xx
xy yx xx yy xy yx xx y
s
y
T T
T T T T T T T T
T T
T T T T T T T T

 
 
  
  
 
   
Y , (5.7) 
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which allows, using (5.2)-(5.4) to describe the metasurface admittance in terms of its 
polarizability tensor. Eq. (5.7) is also useful for retrieving the admittance model in terms 
of simple scattering experiments, as the full tensor may be determined once the 
transmission (or reflection) properties of the metasurface are known for illumination in 
both polarizations, consistent with Figure 5.1. 
5.3.2 Application of the transmission-line model 
Although the admittance model provides a compact way to represent the 
metasurface electromagnetic properties, it would not be of significance if its calculated 
value were not applicable to more complex scenarios than just the scattering from a 
single metasurface. We concentrate here on the possibility to apply this model to 
calculate the scattering properties of two stacked metasurfaces with separation distance t   
and identical properties, for which one of them has been arbitrarily rotated with an angle 
 . As long as the admittance model has a proper meaning, its definition should be able to 
describe the scattering from a given metasurface even after such rotation, by using the 
transformation: 
 
Rot T
s s  Y Q Y Q , (5.8) 
 
where the rotation matrix 
cos sin
sin cos
 
 
 
  
 
Q  effectively rotates the reference system 
of Figure 5.1.  
As an example, the transmission coefficients in Eq. (5.4) are modified after such 
rotation as: 
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    
, (5.9) 
 
where 0 0 0/    and the other scattering coefficients may be obtained applying 
reciprocity and Eq. (5.5).  
In the case of two stacked metasurfaces, one of them arbitrarily rotated, we can 
calculate the total reflection and transmission coefficients using simple transmission-line 
formulas, as long as the separation t  is large enough to ensure that the coupling is 
dominated by the zero-th diffraction order and the admittance model holds. In such 
scenario, the overall admittance may be seen as the cascade of the two admittance tensors 
1
0
Rot
s 
Y Ι  and sY , separated by a transmission-line segment of length t . Using 
generalized ABCD matrices the total transmission and reflection from the stack may be 
calculated for an arbitrary number of metasurfaces, as long as the surface admittance 
tensors are known. 
5.4 NUMERICAL SIMULATIONS AND DISCUSSIONS 
In this section, we validate the transmission-line model described in the previous 
section with full-wave numerical simulations of specific examples of interest, using 
commercially available software based on finite integration technique [13]. In particular, 
we test whether the retrieved admittance properties obtained for the excitation of one 
single metasurface may be used to model rotated and stacked arrays. We consider here 
gold metasurfaces using experimentally extracted values of permittivity [14], whose 
inclusion shape is depicted in the insets of Figure 5.2. In particular, two sample 
metasurfaces are considered: one with nanorod inclusions (Figure 5.2a) and the other 
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with C-shaped inclusions (Figure 5.2c), as representative metasurfaces of interest. The 
nanorods have a length of 70nm and width 20nm; the C-shaped inclusions have outer 
radius of 40nm, inner radius of 20nm, and an opening of 60° arc; all metasurfaces have 
thickness of 20nm, and a square lattice with period of 100nm. 
 
Figure 5.2: Retrieved surface admittance based on Eq. (5.7) for metasurfaces with (a), 
(b): nanorod inclusions; (c), (d): C shaped inclusions. Panels (a) and (c) show the real 
parts; (b) and (d) show the imaginary parts. (Reprinted from Metamaterials 5 (2), 90-96, 
(2011). Copyright 2011 Elsevier) 
Figure 5.2 shows the calculated metasurface admittance sY (real and imaginary 
parts), retrieved using Eq. (5.7) from the simulated transmission coefficients for normal 
incidence. We have verified that in both cases Eq. (5.5) is satisfied to a very large 
degree, ensuring that the shunt admittance model is appropriate. It is seen how the surface 
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conductance is moderate all over the spectrum of interest, except at the inclusion 
resonance, ensuring that absorption in the gold inclusions is quite moderate in this 
regime, consistent with the fact that the coupling among nanoparticles may improve the 
robustness to Ohmic absorption [4]. As expected, the nanorod metasurface (panels a,b) 
has zero cross-polarization terms and response dominated by the diagonal term along the 
nanorod direction. In particular, its susceptance is resonant around 680 nm , ensuring a 
strong resonant response and correspondingly large reflection. In contrast, the C-shaped 
metasurface (panels c,d) has a full admittance tensor and a more complex response, as 
expected from this geometry. The two diagonal elements of the admittance tensor are still 
dominant, and they support two resonances at different wavelengths. It is noticed, in 
particular, that for the C-shaped metasurface our assumption of negligible magnetic and 
bianisotropic effects holds only for normal incidence, as assumed in these simulations. 
Figures 5.3 and 5.4 validate the surface admittance models of Figure 5.2 by 
comparing the transmission spectra (amplitude and phase) for the case of rotated 
metasurfaces. The simulated transmission curves for rotation angles of  45° (panels a,b) 
and 90° (c,d) are compared with the analytical curves obtained after analytically rotating 
the surface admittance retrieved in Figure 5.2 before rotation, using (5.8)-(5.9). For both 
types of inclusions, the analytically predicted transmission coefficients match extremely 
well with those extracted from numerical simulations, ensuring that the transmission-line 
model is invariant with the angle.  
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Figure 5.3: For nanorod inclusions (Figure 5.2a,b), comparison between the simulated 
transmission coefficients after rotation and the analytical model (5.9), for rotation angles 
of: (a,b) 45° and (c,d) 90°. Solid curves represent numerical simulations, dotted curves 
refer to analytical results. (Reprinted from Metamaterials 5 (2), 90-96, (2011). Copyright 
2011 Elsevier) 
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Figure 5.4: For C-shaped inclusion (Figure 5.2c,d), similar to Figure 5.3: comparison 
between the simulated transmission coefficients after rotation and the analytical model 
(5.9), for rotation angles of: (a,b) 45° and (c,d) 90°. Solid curves represent numerical 
simulations, dotted curves refer to analytical results. (Reprinted from Metamaterials 5 (2), 
90-96, (2011). Copyright 2011 Elsevier) 
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Figure 5.5: Transmission coefficient of two cascaded metasurfaces with different 
separation distances, as indicated in the legend. Dotted curves represent numerical 
simulations, solid curves refer to analytical transmission-line models. (Reprinted from 
Metamaterials 5 (2), 90-96, (2011). Copyright 2011 Elsevier) 
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Figure 5.6: Transmission coefficient of two cascaded metasurfaces with different 
separation distances, as indicated in the legend. Dotted curves represent numerical 
simulations, solid ones refer to analytical transmission-line models. The inset shows the 
unit cells of the cascaded structure, that the second metasurface with unit cell inclusion 
rotated as an in-plane angle with respect to the first metasurface. The outer radius of the 
split ring is 40 nm, and the inner radius is 20nm, embedded in a 100 nm by 100 nm 
square lattice, and an opening of 60° arc; both metasurfaces have thickness of 20 nm. 
For 45° rotation, small discrepancies arise at higher frequencies, due to the 
variations in the effective lattice configuration after rotation, which affects the 
contribution of the interaction dyadic C  to the admittance tensor. For 90° rotation, due 
to the square lattice, the curves exactly overlap, as was expected, whereas for all other 
angles some small discrepancies arise in the frequency regions where the interaction 
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constants are more effective. In particular, due to the lattice configuration, 45° rotation is 
the worst-case scenario. Yet, our analytical model captures with high precision an 
arbitrary rotation and it can accurately describe the metasurface wave interaction, both in 
amplitude and phase. Analogous results may be obtained for the reflection coefficients, 
satisfying Eq. (5.5). 
In Figure 5.5 we analyze the more complex scenario of a stack of two nanorod 
metasurfaces, one of them rotated by 60°, as schematically depicted in the inset of Figure 
5.5. The figure shows the magnitude and phase of the transmission coefficient yyT , 
calculated using full-wave numerical simulations (dotted lines), and compared with the 
one obtained from the transmission-line model (solid lines), as described in the previous 
section, using the original surface admittance model retrieved in Figure 5.2 (a,b). The 
figure refers to three different separation distances between the two metasurfaces: 
/ 4xt d  (green curves), / 2xt d  (black), 3 xt d  (red). In all the considered 
examples the analytical model matches with the simulated results with good accuracy. 
When the separation distance is very small, however, the analytical model fails, to some 
extent, to reproduce correctly the sharp variations at the transmission dip near the 
metasurface resonance (highlighted in the inset of Figure 5.5a), due to the strong 
coupling among the two metasurfaces via higher-order evanescent diffraction orders. For 
larger separation distances, these higher-order effects are expectedly negligible, and 
excellent agreement is again obtained, ensuring that the transmission-line admittance 
model is accurate even in describing the complex wave interaction between two stacked 
metasurfaces with arbitrary rotation. Extension to a larger number of stacked layers is 
easily envisioned using simple transmission-line formulas. The propagation properties 
may be generally obtained using ABCD  matrices representing the arbitrary gaps 
between neighboring metasurfaces, providing the ability to model complex optical 
 97 
metamaterial geometries as stacks of impedance surfaces applying the formalism in 
[15],[16]. 
A similar phenomenon is observed for two stacked metamsurfaces with C shaped 
inclusions. Figure 5.6 shows the comparison between analytical results and full-wave 
simulations for two cascaded metasurfaces made of gold split ring resonator inclusions, 
for a fixed rotation angle of 60° and a varying distance between the two surfaces. It is 
seen that for distances smaller than a quarter of the period of the metasurface the 
discrepancy becomes noticeable, indicating a noticeable amount of near-field coupling 
involving higher-order evanescent diffraction orders. 
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 Chapter 6: Design Single Plasmonic Metasurfaces to Manipulate Light 
Polarization 
From the theoretical analysis in Chapter 4 and 5, we understand that a single 
metasurface cannot differentiate different the handedness of circularly polarization at 
normal incidence, whereas it doesn't prevent us from generating circular polarizations 
using such a thin metasurfaces, since it is mainly attributed to the phase effect. In this 
chapter, we present an example to design a circular polarization converter: an ultrathin 
quarter-wave plate based on plasmonic metasurfaces. After exploring the theoretical 
possibilities offered by thin surfaces to manipulate the impinging polarization, we present 
here optimal designs to realize quarter-wave metasurface plates, analyzing their 
frequency and angular response. The designs we discussed here may provide large degree 
of linear polarization output for circularly polarized input over a broad bandwidth in the 
optical regime and vice versa. Although not the ultimate goal of differentiating (filtering) 
circular polarizations, which will be discussed in the next chapters, the geometry we 
presented in this chapter also have the advantages to be implemented within currently 
available lithographic techniques and can be easily integrated with other optical devices 
for polarization manipulation, detection and sensing at the nanoscale. 
6.1 INTRODUCTION 
Currently, circular polarizers and sensors may be realized using anisotropic or 
chiral devices [1], but with specific thickness limitations and quite bulky configurations. 
Integrating these polarizers within an ultrathin device may be of great interest in order to 
combine circular polarization information with nanophotonic devices and advanced 
sensors [2]. In this regard, recent progress in plasmonics can provide unprecedented 
opportunities to manipulate light polarization at the nanoscale, by exploiting the strong 
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field localization and enhancement due to the localized light interaction with surface 
plasmons [3]. Recent results have shown that crossed resonant plasmonic nanoantennas 
[4]-[5], corrugated elliptical gratings [7], patterned metallic films [8]-[9], planar chiral 
structures [11]-[12] and three-dimensional metamaterials [13] may indeed provide strong 
manipulation of polarization, with clear advances over currently available technology in 
terms of required thickness and/or bandwidth of operation. 
In this chapter, we analyze in detail the potentials of plasmonic metasurfaces to 
manipulate the light polarization state and we discuss the specific design and 
optimization of ultrathin quarter-wave plasmonic plates. We propose two complementary 
designs based on orthogonally patterned nanorods and a specifically tailored form of 
anisotropy that introduces a phase shift of / 2  between two orthogonal polarizations at 
the operating wavelength. This concept is realized by detuning the resonance of each 
nanorod by slightly varying the individual aspect ratio, in a fashion similar to what 
proposed in recent papers [5]-[6],[9]. Since the phase of the scattered fields sharply varies 
with frequency around the nanorod resonance, it is possible to tailor the phase shift 
between the scattered waves of two orthogonal nanorods by slightly changing their 
relative length around the resonant one. We analyze with full-wave simulations the 
overall angular and bandwidth performance of arrays of such inclusions, highlighting 
their optimal performance properties and their advantages in terms of lithographic 
realization and integration with sensors and other related technology. In the following, we 
present an extensive analysis of the physical mechanism behind this operation and 
perspectives on its potential application for practical quarter-wave plates. 
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6.2 THEORETICAL FORMULATION 
Consider the ultrathin, arbitrary planar metasurface with sub-wavelength 
thickness 0d   placed on the plane 0z  , a similar configuration that we first 
analyzed in Chapter 4. We can define the general transmission matrix T , describing the 
complex amplitudes of transmitted waves 
 
xx xy
yx yy
T T
T T
 
  
 
T ,    (6.1)  
where the arbitrary element lmT  represents the complex amplitude of the transmitted 
wave, linearly polarized in the m  direction for excitation in the l  direction. We 
assume an i te   time-harmonic dependence and for simplicity we focus in (6.1) on 
normal incidence illumination. 
For a metasurface period smaller than the wavelength so that only the zero-th 
diffraction order can propagate away from the xy  plane, we can describe the 
metasurface with its average surface admittance ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆxx xy yx yyY Y Y Y   sY xx xy yx yy , which 
relates the averaged electric field to the induced electric polarization current density 
av av sJ Y E . We can neglect magnetic effects for excitation at normal incidence, since 
the metasurface has negligible thickness [13]-[18]. By matching the boundary conditions 
on the metasurface, it is possible to relate the surface admittance tensor to T , as we have 
shown in Chapter 5, Eq. (5.7) [15],[18]: 
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 
   
Y .  (6.2) 
Equation (6.2) relates the surface admittance to its transmission properties, 
allowing its design for the specific functionality of interest. The admittance can be used 
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as a building block in a more complex nanocircuit [18]-[20] or to tailor and manipulate 
the impinging signal. Here we explore the fundamental limits in manipulating the 
polarization state of impinging light, with special interest to circular polarization. 
In the most general case, the transmission matrix (6.1) may be written in a 
circularly polarized base: 
 
   
   
2 2
2 2
xx yy xy yx xx
LL LR
CP
RL
yy xy yx
xx yy xy yx xx yy xy yxRR
T T i T T T T i T T
T T i T T T T i T T
T T
T T
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 
        
 
 




  
T , (6.3) 
where, similar to the notation in (6.1), LRT  denotes the transmission coefficient for left-
handed circularly polarized (LCP) waves for right-handed (RCP) illumination, and 
similarly for all the other elements. Using (6.2), we can write CPT  in terms of the 
surface admittance and it is easy to verify that LL RRT T  for any lossless metasurface 
made of reciprocal materials, as xy yxT T  for normal incidence. By introducing 
absorption it may be possible to relax this constraint and introduce small circular 
dichroism that may distinguish between the two circular polarizations [21], but this 
phenomenon has limited bandwidth and practical application. Similarly, by exciting at 
oblique incidence, we may be able to introduce an effective nonreciprocal response, 
associated with the inclusion bianisotropy [22]-[23]. It may be shown, in fact, that a 
possible inclusion asymmetry may produce a magneto-electric coupling effect that allows 
xy yxT T , introducing a difference between LCP and RCP response for a single 
metasurface [24]. For an ultrathin surface, however, this effect may be obtained only for 
oblique incidence, which effectively breaks the 2D symmetry of an ultrathin surface. 
Usually these effects are weak and difficultly exploited in a practical configuration due to 
their narrow bandwidth. For these reasons, we focus in the following on manipulating the 
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phase difference between LLT  and RRT , rather than their amplitude, to effectively realize 
ultrathin quarter-wave plates, similar to a birefringent crystal but over a negligible 
thickness. This operation may be obtained without cross-coupling terms in T , i.e., for 
0xy yxT T   in a suitably chosen reference system.   
A birefringent crystal manipulates the state of polarization by introducing a phase 
delay of one linearly polarized component of the impinging field over the other. At the 
exit of the crystal, if the cumulative phase difference is exactly 90 degrees, LCP/RCP 
inputs will result in linear orthogonal polarizations. We aim at designing a metasurface 
operating in the same way, but over a single ultrathin surface. The required transmission 
matrix 
 
0
0 i


 
  
  
T    
may be obtained with a surface admittance tensor (6.2) 
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where   is a complex quantity ire   . 
In the limit of small absorption, the real part of the diagonal elements in (6.4) is 
zero, which may be obtained only when 
4

   and 
2
2
r  , i.e.: 
 
0
02
0
s
i
i
 
  
 
Y ,    (6.5) 
and the corresponding transmission matrix coincides with the Jones matrix of a lossless 
quarter-wave plate. We also notice that the continuity of the electric and magnetic fields 
on an ideally thin metasurface require that the reflection matrix satisfies 
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T   R T I T , where I  is the identity matrix and the superscript T  indicates the 
transpose operation [25]. This implies that, when Eq. (6.5) is satisfied, the metasurface 
reflection matrix also satisfies similar quarter-wave plate conditions and the total 
transmitted power is half of the impinging one. This will be particularly relevant in the 
next section, when we consider complementary plasmonic metasurfaces. In the 
following, we aim at realizing a plasmonic metasurface with admittance tensor given by 
(6.5), which realizes a transmission matrix equivalent to a lossless quarter-wave plate, but 
in an ultrathin geometry. 
6.3 PLASMONIC METASURFACE DESIGN 
The ideal quarter-wave plate response (6.5) may be obtained by considering a 
metasurface with two orthogonal symmetry axes. Nanocrosses have been proposed to 
locally convert linear to circular polarization [4] and arrays of orthogonal nanoslits have 
been recently suggested to realize ultrathin wave-plates [5]. We explore in this context 
plasmonic inclusions to realize the optimal local impedance response (6.5)  using 
orthogonal arrays of nanorods or nanoslits, slightly off resonance. An ideal lossless 
metasurface made of nanoslits in a plasmonic thin screen provides identically zero 
reflection and total transmission at resonance, with a transmission phase that rapidly 
switches from 90 to 270 degrees around this resonance. If we interleave two arrays of 
orthogonal nanoslits, one operating slightly above and one slightly below their resonance, 
as recently suggested in [5], we may achieve a precise 90 degree phase shift between the 
two transmitted waves. We aim here at tuning the length of the nanoslits to satisfy as 
closely as possible Eq. (6.5), both in amplitude and phase at the design wavelength 
0 650nm  . 
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We have used full-wave numerical simulations based on finite-integration 
technique [26] to realize this optimal condition in the geometry shown in Figure 6.1 and 
verify its wave-plate operation. We assume in our simulations a silver permittivity 
following the Drude model 
 
2
0
p
Ag
f
f f i
  


 
  
  
, with 5  , 2.175PHzpf   
and 4.35THz   [27]. Each optimized unit cell is formed by two orthogonal 
rectangular nanoslits with a separation gap g  = 10 nm, a vertical arm length yL  = 
160nm and a lateral arm length xL  = 60 nm. Both nanoslits have a width w  = 20nm 
and the screen thickness is d  = 40nm. The lattice constants are xa  
= 100nm, ya  = 
180nm. This configuration may be experimentally realized by evaporating a thin silver 
film and then apply e-beam lithography followed by reactive ion etching, or by directly 
writing using focused ion-beam. For now, we do not consider the presence of a substrate 
in our design, which may be required in its practical realization ( 0sd  ). We will 
consider its effects in the following.   
 
Figure 6.1: Nanoslit plasmonic metasurface, its unit cell and the corresponding 
geometrical parameters. (Reprinted from Phys. Rev. B 84, 205428 (2011). Copyright 
2011 American Physical Society) 
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As shown in Figure 6.2a, this optimized metasurface shows two distinct 
resonances when illuminated with orthogonal linear polarizations aligned along the 
nanoslits. At the design wavelength, the two nonzero diagonal terms of the transmission 
matrix have same amplitude 
2
~
2
xx yyT T , and a phase difference (Figure 6.2b) 
exactly equal to 90 degrees, ensuring that its operation as an ideal ultrathin low-loss 
quarter-wave plate is obtained. Even though silver has some absorption in the visible, the 
transmission amplitudes satisfy very closely the requirements of a lossless quarter-wave 
plate. Indeed, we verify in Figure 6.3c that the absorption effects are minimal all over the 
frequency range of interest, and the transmittance and reflectance spectra are close to 
50%. 
 
Figure 6.2: (a) Amplitude and (b) phase of the transmission coefficients for linearly 
polarized excitations, for the optimized metasurface geometry of Figure 6.1. (c,d) Similar 
plots for the complementary geometry, composed of plasmonic nanorods. (Reprinted 
from Phys. Rev. B 84, 205428 (2011). Copyright 2011 American Physical Society) 
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As noticed above, we may also consider the complementary geometry formed by 
interleaved arrays of plasmonic nanorods. Applying Babinet's principle [28] properly 
extended to plasmonic screens [29]-[30], we expect that the transmission properties of a 
complementary array of silver nanorods with same design parameters as in Figure 6.2 
may be approximately equal to the reflection matrix of the nanoslit array 
T R T at the 
design wavelength. Since also 
TT  satisfies the ideal quarter-wave plate conditions, the 
complementary design may provide similar optical response. Because silver has finite 
conductivity, we do not achieve exact complementary response, but we have verified that 
by slightly modifying the design of the complementary array ( yL =140nm, xL =65nm), 
we achieve the quarter-wave plate condition at the design wavelength of 650 nm. The 
corresponding results are shown in Figure 6.2c-d, which indeed show complementary 
transmission properties compared to the nanoslit geometry and identical response at the 
design wavelength. 
Figure 6.3 shows amplitude and phase of the transmitted fields, and the total 
transmission, reflection, and absorption spectra for circularly polarized inputs in both 
designs. Panels (a), (b) and (c) refer to the nanoslit metasurface, while (d), (e) and (f) 
refer to the complementary nanorod metasurface. It is seen that, as predicted, LL RRT T  
at all frequencies and both metasurfaces realize the desired transmission conditions, in 
both amplitude and phase, around the same design wavelength. Due to frequency 
dispersion, the ideal quarter-wave plate conditions can be met only at a single 
wavelength, at the point of intersection of the transmission curves in Figure 6.2. 
However, when the ratio of linearly polarized components of the transmitted wave are 
within the range 0.8 ~1.2 , as shown in the shadowed region in Figure 6.3a and 6.3c, the 
performance as a quarter-wave plate is still acceptable. We define the wavelength range 
over which this condition is met the amplitude bandwidth of the given metasurface. 
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Panels (b) and (e) show the phase difference of the transmitted linearly polarized 
components. It is found that an acceptable range is 10  degrees for RCP and 170 ~190  
degrees for LCP, as indicated by the shadowed rgions in Figure 6.3b and 6.3d, which 
defines the metasurface phase bandwidth. The QWP bandwidth of operation of the 
metasurface generally coincides with the minimum between these two bandwidths but, as 
detailed in the following, for specific operations one of the two bandwidths may be more 
relevant and dominate the response.  
 
Figure 6.3: Amplitude and phase of the transmitted fields for circularly polarized 
excitations. (a) Amplitude ratio of transmitted /y xE E  for LCP and RCP excitation for 
the nanoslit metasurface of Figure 6.1; (b) phase difference between yE and xE ; (c) 
transmittance, reflection and absorption spectra for the nanoslit metasurface; (d,e,f) 
similar plots for the complementary nanorod metasurface. (Reprinted from Phys. Rev. B 
84, 205428 (2011). Copyright 2011 American Physical Society) 
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A good figure of merit to analyze the performance of these metasurfaces, in 
particular for integration with polarization imaging sensors, is represented by their degree 
of linear polarizaiton (DoLP), defined as 
2 2
1 2
0
S S
DoLP
S

 , with 0 1 2, ,S S S  being the 
Stokes parameters. This quantity effectively represents how linearly polarized is the 
transmitted wave for circularly polarized inputs. In this case, the phase bandwidth is 
evidently more relevant, since we are not concerned about the specific direction of linear 
polarization output.  
Figure 6.4 shows the DoLP of both the nanoslit and nanorod metasurfaces. The 
bandwdith over which the DoLP is nearly unity closely corresponds to the phase 
bandwdith shown in Figure 6.3, which is significantly broad considered the ultrathin 
features of the device. We have also calculated the angle of polarization of the 
transmitted wave within the bandwidth in which DoLP is near unity, as shown in panels 
(a) and (b). At the design frequency, as expected, both designs provide linear polarization 
at 45 degrees, but this angle changes within the bandwidth of operation, due to the 
dispersion of /xx yyT T . For the nanoslit metasurface, we obtain linearly polarized 
transnmission at an angle ranging from 28° to 55° with respect to the x  axis within the 
bandwidth of interest (616 to 746 nm); with the nanorod metasurface the angle of linear 
polarization (AoLP) varies from 1° to 86°, within the broader range 573-934nm. The 
nanorod metasurface ensures a broader phase bandwidth, and a correspondingly larger 
range over which the DoLP is unity, which spans almost the entire visible. Using the 
reciprocity theorem, we expect to obtain circularly polarized output with linearly 
polarized input at the AoLP indicated in Figure 6.4(a) and (b). For this dual operation, the 
amplitude bandwidth is relevant, since the fast- and slow-axes of the quarter-wave plate 
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metasurface effectively rotate with the wavelength of operation and are not necessarily 
aligned with the rods or slits. 
 
 
Figure 6.4: Degree of linear polarization for (a) nanoslit and (b) nanorod metasurfaces for 
RCP and LCP excitation, (c,d) similar plots for oblique incidence and RCP excitation. 
(a,b) show also the corresponding angle of linear polarization. (Reprinted from Phys. 
Rev. B 84, 205428 (2011). Copyright 2011 American Physical Society) 
An additional relevant aspect to consider for these ultrathin designs is their 
robustness to variations in incidence angle, as we investigate in Figs. 6.4(c) and 6.4(d). In 
particular, we show the DoLP for incidence angles varying from 10° to 80° for both 
nanoslit and nanorod metasurfaces, when RCP light impinges on the surface. For 
incidence angles up to 40°, a relatively large bandwidth with unity DoLP is obtained; as 
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occurrence of resonance dips caused by the coupling with long-range surface plasmons 
[31].  
 
Figure 6.5: Comparison of: (a) transmission coefficients and (b) DoLP for the 
metasurfaces made of slit inclusions, with and without the presence of a substrate; (c,d) 
same for dipole inclusions. (Reprinted from Phys. Rev. B 84, 205428 (2011). Copyright 
2011 American Physical Society) 
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phase relation among the two orthogonal linearly polarized transmitted waves is slightly 
changed, as the two transmission curves intersect with a phase difference of 83° instead 
of 90°. Still, the performance in terms of DoLP and AoLP is pretty robust. Obviously, a 
new design considering the substrate presence may further improve the overall 
functionality. 
 
 
Figure 6.6: Normalized normal component of the magnetic field distribution (snapshot in 
time) at the metasurface output for: (a) nanoslit, (b) nanorod metasurfaces. In both cases, 
the input is LCP (left) and RCP (right) and the magnetic field is normalized to the 
impinging amplitude. (Reprinted from Phys. Rev. B 84, 205428 (2011). Copyright 2011 
American Physical Society) 
Finally, Figure 6.6 shows the distribution of the normal component of the 
magnetic field distribution (snapshot in time, normalized to the impinging transverse 
field) at the design frequency at the output of the two considered metasurfaces (a, 
nanoslit; b, nanorod) for circularly polarized excitation at normal incidence. The two 
plots in each panel correspond to LCP (left) and RCP (right) inputs. It is seen how the 
two excitations provide similar phase distribution around the inclusions, indicating 
typically dipolar polarizations for both orthogonal elements, respectively in phase and out 
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of phase with each other, depending on the circularly polarized input. We have sketched 
in the figure the dipolar response of each rod, which confirms the nanoscale physical 
mechanism behind the operation as an ultrathin quarter-wave plate. Indeed, for a circular 
polarization input, which is formed by two linear polarizations 90 degrees out of phase, 
the metausrface inclusions are polarized in phase, ensuring linearly polarized transmitted 
and reflected fields. On purpose, we show here the normal component of the magnetic 
fields, which allows isolating the metasurface response without interference with the 
purely tangential excitation fields. 
6.4 CONCLUSIONS 
We have investigated in this chapter the functionality and design of plasmonic 
metasurfaces formed by orthogonal elongated nanorods and complementary nanoslits to 
realize ultrathin quarter-wave plates. Based on a simple impedance model to describe the 
array interaction, we have achieved polarization control of the impinging light and 
optimized its bandwidth of operation. Our full wave simulations confirm the expected 
response and show a rather robust performance in terms of incidence angle and 
bandwidth of operation. Practical integration of these designs within optical sensors and 
cameras will be explored in the near-future to realize polarizers and sensors for circularly 
polarized light.  
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Chapter 7: Experimental Realization of Broadband Optical Meta-
Waveplates Based on Single Metasurface 
In the previous chapter, we discussed the design of a circular polarization 
converter based on an ultrathin metasurface: a plasmonic meta-waveplate, which could 
generate circularly polarized lights with linearly polarized impinging waves. One 
common issue hindering the extension of quarter wave plate phenomenon to broadband 
operations is the fact that the response of optical metasurfaces is inherently narrowband 
and mechanisms to increase their bandwidth often clash with causality and passivity 
constraints of materials. In this chapter, we are able to experimentally demonstrate that 
broadband, strong polarization conversion and quarter-wave plate functionality may be 
achieved using a single, ultrathin planar metasurface in the visible regime. The realized 
device is based on the design proposed in the previous chapter: interleaved silver 
nanorods with properly tailored frequency dispersion, which introduces an abrupt flat 
90  phase shift for orthogonal polarizations over a thickness of few tens of nanometers, 
achieving achromatic quarter-wave plate behavior covering a good portion of the visible 
spectrum. Analogous design principles are extended to cover the entire visible spectrum 
and beyond.  
7.1 INTRODUCTION 
Conventional circular polarization is obtained by stacking a linear polarizer with 
bulky quarter-wave plates made by birefringent materials. This configuration cannot be 
easily integrated in a nanophotonic system, and it is inherently narrow bandwidth, as 
conventional quarter-wave plates rely on wavelength-dependent dispersion of the 
birefringence phenomenon. For this reason, metamaterials have been recently explored 
and proposed to realize quarter-wave plates and circular polarizers in compact, planarized 
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and easily integrated designs [5]-[11]. Especially interesting in this context are plasmonic 
metasurfaces [12]-[18], which are able to induce strong electron-photon interaction 
within a thickness of few nanometers, as proposed by several groups both theoretically 
and experimentally [5]-[11],[19]-[21]. As in the case of metamaterials, their extreme 
thickness and subwavelength resonant effects limit their functionality to a narrow 
bandwidth, with evident constraints on their impact and applicability in realistic optical 
systems. Broadband circular polarization conversion has been recently realized in 3D 
optical metamaterials [12],[22] using helical or twisted arrangements of resonant 
inclusions. In a very recent study [23], broadband polarization conversion was realized 
over a much reduced thickness in the mid-IR region. This effect relies on the cross-
polarization properties of optical phased antenna arrays, which inherently limits the 
overall conversion efficiency. In addition, the output circularly polarized wave is radiated 
at an oblique angle, whose radiation direction may vary for different frequencies, posing 
limitations to its practical applicability. In the following, we show that broadband 
quarter-wave plate operation at normal incidence with large conversion efficiency based 
on the dominant diffraction order can be achieved using a single, ultrathin patterned 
plasmonic surface, only few nanometers thick, by properly tailoring the frequency 
dispersion of closely spaced silver nanorods operated off resonance.  
Waveplate functionality may be obtained over a thin surface by introducing an 
abrupt jump in the phase of transmitted light, tailored to be a function of the impinging 
polarization. This may be achieved in the form of a localized birefringence using 
anisotropic nanoparticle arrays[5],[10],[21],[24]. A nanorod is the simplest form of 
anisotropic nanoparticle, as it mainly interacts with the impinging polarization parallel to 
its axis. When plasmonic effects are considered, resonant dipolar response may be 
obtained for a length significantly shorter than the excitation wavelength, which may be 
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further controlled by the rod thickness that modulates its surface plasmon properties. The 
corresponding phase of the induced dipole moment shows fast variations around this 
resonance wavelength, essentially flipping by up to 180 .  
7.2 DESIGN OF BROAD BAND DISPERSION  
We again consider two orthogonally patterned nanorods with lengths xl , yl  
arranged in a planar rectangular array with periods xd , yd , as we have theoretically 
considered in the previous Chapter [25], and as shown schematically in the inset of 
Figure 7.1(a). Each nanorod interacts with the polarization parallel to the rod axis, with a 
wavelength response determined by the resonant dispersion of the rods and by the array 
interaction. Transmission may be easily related to the polarizability tensor α  of the rods 
and the interaction dyadic 
int
C  of the array [26],[28]. The rod polarizability may be well 
approximated by the three-axial ellipsoid quasi-static polarizability with semi-axes / 2w
, / 2z , and / 2l , which provides a diagonal tensor α  with elements 
 
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x y z , where iL  is the shape factor, along with the 
width w , the thickness z  and the length l  of the nanorod, and Ag , m  are the 
permittivities of the rod and of the surrounding medium, respectively[29]. As long as the 
array periods are smaller than the wavelength, we can model the surface with its averaged 
transverse polarization current, and the corresponding transmission matrix can be 
calculated through the formula: 
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where f  is the frequency of operation, c  is the speed of light in vacuum, and 0  is 
the permeability of free space. The above formula allows tailoring amplitude and phase 
of the transmission coefficients in the two orthogonal polarizations as a function of the 
rod geometry and array periods[29]. Our goal is to tailor the polarizability dispersion of 
the nanorods to realize a flat phase difference between xxT  and yyT  over frequency. 
Consider a first scenario in which the two nanorods within the unit cell have the 
same length 160nmx yl l  , width 20nmw   and thickness 8nmz  , with array 
periods 200 nmxd   
and 170 nmyd  (inset of Figure 7.1(b)). The corresponding 
transmission coefficients for impinging orthogonal linear polarizations along the rods are 
shown in Figure 7.1(b), with two pronounced resonant dips, obtained using full wave 
numerical simulations. Despite the rods having the same dimensions, the different array 
interaction in the two polarizations produces a slight detuning of the two resonances[31]. 
For this specific design, at the intersection of the two transmission curves between 
resonant dips we meet the conditions to realize an ultrathin quarter-wave plate[25], i.e., a 
phase difference xx yy    for the transmission coefficients equal to 90 , which 
is plotted over wavelength in Figure 7.1(f) (black line). This was obtained by properly 
tuning the rod thickness z  to modify the surface plasmon propagation along the rods 
and induce the required phase shift. Albeit this design provides a quarter-wave plate 
functionality, it only covers a very narrow range of wavelengths between the array 
resonances. To broaden this effect, we consider detuning one of the two resonances in 
Figure 7.1(c), by shortening one rod to 60nmxl  , which shifts its resonance to the 
visible range. By properly adjusting the thickness to 45nmz  , we are able to ensure 
that the phase dispersion curves (dashed lines in Figure 7.1(c)) follow each other closely 
in the range between the two resonances, an effect that is reflected into a flat phase 
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difference   (Figure 7.1(f), red line) around 90  over a broad range of wavelengths 
in the visible regime. 
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Figure 7.1: (a) Schematic illustration of the functionality of the proposed nanodevice with 
broadband circular excitation: the transmitted beam is linearly polarized at different 
angles as a function of the impinging wavelength, covering a broad spectrum. The inset 
shows the configuration of the unit cell. (b) Transmission coefficients for orthogonal 
linear polarizations: magnitude (solid curves), phase (dotted). Geometry of the 
metasurface: xl =160 nm, yl =160 nm, thickness z =8 nm, w = 20 nm, all the gaps 
between dipoles are kept at 10 nm. (c) Transmission coefficients for the second design, 
similar to (b), except that xl =60 nm, yl =160 nm and z =45 nm. (d) Similar to the 
previous panels, but with  xl =60 nm, yl =240 nm and z =50 nm. (e) Extreme design for 
ultrabroad bandwidth: the vertical rods are connected into a continuous wire with width 
w =20nm, the horizontal rod is a square with side dimension xl =10 nm, z =60nm. (f) 
Extracted phase difference between the two orthogonal linear excitations for the three 
designs. The shadowed area marks the acceptable phase difference that can realize a 
quarter-wave plate. (g) Amplitude ratio of the transmitted fields polarized along the 
vertical and horizontal directions. Black, red, blue and green curves correspond to the 
designs in panels (b), (c), (d) and (e) respectively. The solid portion of each curve 
corresponds to the range over which the phase difference   is near 90 . (Reprinted 
with permission from Nano Lett., 2013, 13 (3), pp 1086–1091. Copyright 2013 American 
Chemical Society) 
Further increasing the distance between the two resonances, by pushing yl  to 
240nm  and tuning 50nmz   (Figure 7.1(d)), provides an even broader bandwidth 
over which the phase is around 90 . In this case the two phase dispersion curves start 
slightly diverging from each other near the shorter rod resonance, which moderately 
affects the performance at shorter wavelengths. In spite of that, the waveplate still covers 
a fairly flat cumulative bandwidth of ~570nm.  
To push this concept even further, we consider the final design in Figure 7.1(e), in 
which the vertical rods are joined, and the horizontal rods are reduced to a square with 
10 nmxl  . This solution is necessary to eliminate part of the unwanted phase dispersion 
by effectively moving the vertical resonance to very long wavelengths. In this case, the 
presence of the small square nanoantenna is still necessary, since it allows interacting 
with the horizontal polarization and control the phase difference. Without it the elongated 
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wires would essentially form a linear polarizer, offering much less polarization 
control[32]. By controlling the coupling between the long wire and the small dipole, the 
phase difference   may be made extremely flat at 90  for the specific thickness 
60z nm  over a huge spectrum (Figure 7.1(f), green line), spanning the entire visible 
and near-IR.  
It is interesting to observe how, by simply tuning the location of the two 
orthogonal array resonances and choosing a suitable subwavelength thickness to modify 
the phase dispersion of the induced surface plasmons supported by the rods, we are able 
to essentially create achromatic waveplate functionality over an ultrabroad wavelength 
range. Contrary to a conventional birefringent slab, the optimal thickness increases with 
larger anisotropy of the surface, a counterintuitive effect that is associated with the fact 
that a plasmonic nanorod resonance moves to shorter wavelengths when its thickness is 
reduced[33].  
We notice that, within the bandwidth of operation, the ratio of transmitted 
amplitudes for the two orthogonal linear polarizations varies in all the proposed designs, 
as shown in Figure 7.1(g), due to the different amplitude dispersion of the two rods, one 
operated past its resonance, one before it. In this panel, the solid portion of each curve 
corresponds to the wavelength range of interest, over which the phase difference   is 
near 90 . This amplitude variation reflects into a frequency dispersion of the effective 
fast and slow axes of the proposed waveplate[25]. For circular polarization excitation, the 
transmitted beam is always linearly polarized, but at an angle that depends on the 
wavelength of excitation (color), as schematically illustrated in Figure 7.1(a) and 
experimentally demonstrated in the following. 
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Figure 7.2: (a) Nanofabrication flow. (b) Scanning electron microscope (SEM) images of 
silver nanodipoles on ITO coated glass. The inset shows the dimension of the two 
orthogonal nanorods: 95 nmxl  , 65 nmxw  , 150 nmyl  , 60 nmyw  . (c) Energy 
dispersive X-ray spectrum (EDS) of the structure showing the constituent materials, 
where Al and Ca are dopants of the glass substrate. The inset shows the mapping of silver 
(red) superimposed to the SEM image. (Reprinted with permission from Nano 
Lett., 2013, 13 (3), pp 1086–1091. Copyright 2013 American Chemical Society) 
7.3 EXPERIMENTAL VALIDATION OF BROADBAND QUARTER WAVE PLATE AT THE 
VISIBLE FREQUENCY 
To test and experimentally verify the possibilities offered by this phenomenon, we 
have experimentally realized the design of Figure 7.1(c) by patterning orthogonal arrays 
of silver nanorods on a silica substrate. Due to the resolution limitation of our electron-
beam lithography tools, we have slightly released the minimum dimensions of our initial 
design. In addition, we have taken into account the effect of the substrate, which red-
shifts the resonances and reduces the phase difference  . To counterbalance this 
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effect, we slightly adjusted the aspect ratio of each nanorod to optimize the bandwidth of 
operation.  
The fabrication flow is shown in Figure 7.2(a). A one inch by one inch sized 
optical flat glass with 0.7mm  thickness (C1737-0107, Corning low-alkaline earth from 
Delta Technologies) pre-coated with indium-tin oxide (ITO) was used as the substrate. 
Positive tone ebeam resist ZEP 520 (ZEON, Japan) was first diluted with Anisole (99%, 
Sigma-Aldrich), then spun onto the substrate to obtain a thickness of 100nm  with less 
than 5 nm  thickness variation, characterized using spectroscopic ellipsometry (J.A. 
Woollam M-2000 DI Ellipsometer). The pattern was written using a JBX-6000FS/E 
ebeam aligner at an accelerating voltage of 50KV. After exposure, the sample was 
developed in Emyl Acetate (ZEON, Japan). A 2nm  germanium adhesive layer and 
55nm  silver were sequentially deposited onto the sample using a CHA ebeam 
evaporator. The deposition rate of the germanium layer was precisely controlled under 
0.2 Å/sec in order to minimize the thickness inhomogeneity during metallization.
[
34] 
Then, the sample underwent a liftoff process in N-methyl-2-pyroridone (Sigma-Aldrich) 
to complete the device fabrication.    
Figure 7.2(b) shows the scanning electron microscope (SEM) image of the 
fabricated metasurface, which is composed of interleaved nanorods with a lateral length 
95 nmxl   and a vertical length 150 nmyl  , a horizontal width 65 nmxw   and a 
vertical width 60 nmyw  . The nanorods are embedded within a 240 nm 190 nm  
rectangular lattice with inter-particle spacing of 40 nm . An energy dispersive x-ray 
spectrum (EDS) is shown in Figure 7.2(c) to reveal the constituent materials of the 
sample. The impurity lines in the EDS come from the ITO coated glass substrate. 
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Figure 7.3: (a) Normalized amplitude measured at the output of the device for circularly 
polarized input by rotating a linear polarizer in front of the detector. (b) Polarizing 
microscope image of the device for white light illumination (field of view:
1mm 0.86 mm ) showing color tuning for three different polarization angles in front of 
the detector. (Reprinted with permission from Nano Lett., 2013, 13 (3), pp 1086–1091. 
Copyright 2013 American Chemical Society) 
We first excited the metasurface with monochromatic circularly polarized light 
generated using a white light source sequentially passing through a spectrometer and 
polarizing optics. A Halogen broadband light source was coupled through an optical fiber 
into the spectrometer (Princeton instrument SpectraPro-2500i), which is controlled using 
a Labview system to set the scan wavelength. The circular excitation was generated by 
passing the output light from the spectrometer sequentially through a linear polarizer 
(Thorlabs LPVIS050) and a broadband quarter-wave plate (Thorlabs AQWP05M-980). 
In order to obtain a moderate intensity at the output to meet the sensitivity of the detector 
90⁰ 60⁰ 30⁰(b)
0 30 60 90 120 150 180 210
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 I
n
te
n
s
it
y
Angle (degree)
620 nm 
640 nm 
660 nm  
680 nm  
700 nm  
720 nm  
740 nm  
760 nm  
780 nm  
800 nm  
820 nm  
840 nm  
860 nm  
880 nm  
900 nm  
(a)
 128 
at higher frequencies, instead of a collimated beam, a slightly converging beam with a 
solid angle of 10 degrees was formed with a long focal length lens to focus the beam onto 
the sample. A second analyzer (Thorlabs LPVIS050) was used after the sample to check 
the angular response of the device. The final output was then fed into an InGaAs detector 
(Princeton instrument Model ID441-C). Wavelengths were scanned from 620 nm to 900 
nm with a 20 nm interval, and the output intensity was recorded at each wavelength as a 
function of the polarizing angle of a second linear polarizer situated in front of the 
detector, and normalized as shown in Figure 7.3(a). A strong dependence of the measured 
intensity as a function of the linear polarization angle is achieved, confirming a large 
degree of linear polarization and extinction ratio over the whole bandwidth of analysis. 
The dips of each curve, which would ideally approach zero in our simulations from 620 
nm to 830 nm, show a residual nonzero value, possibly associated with the absorption of 
the germanium adhesive layer, degradation due to material oxidation and/or small 
fabrication imperfections.  
In Figure 7.3(a) we also show three vertical dash-dot lines corresponding to three 
specific observation angles for our second linear polarizer at 90º, 60º and 30º. In Figure 
7.3(b) we show the corresponding image obtained under a polarizing microscope with 
white light illumination. The color change by rotating the microscope polarizer reflects 
the wavelength of maximum transmission for the specific angle, as indicated by the dots 
in Figure 7.3(a), providing an interesting functionality as color filter, as proposed in a 
recent paper for a related plasmonic metasurface geometry[35]. Due to the low sensitivity 
of our detector at 580 nm, the corresponding curve for the maximum at 90º polarization 
was not recorded in Figure 7.3(a) (marked as a "cross" at the end of the corresponding 
vertical line), but a clear yellow color is observed in the microscope image, ensuring that 
the polarization properties extend to the yellow range. 
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Figure 7.4: (a) Experimentally measured degree of linear polarization (DoLP) and angle 
linear polarization (AoLP) for circularly polarized excitation. (b) Corresponding full 
wave simulations for panel (a). (c) Experimental measurement of the transmission 
coefficients for linearly polarized excitation along the two nanorod axes. (d) 
Corresponding full wave simulations for panel (c). (Reprinted with permission from 
Nano Lett., 2013, 13 (3), pp 1086–1091. Copyright 2013 American Chemical Society) 
From the measurements of Figure 7.3(a), we have extracted the overall degree of 
linear polarization and corresponding angle of linear polarization of our device for 
circular polarization excitation, shown in Figure 7.4(a). There is a broad range of 
wavelengths over which the degree of linear polarization is remarkably large, in good 
agreement with full-wave simulations (Figure 7.4(b)). Our simulations were performed 
by assuming nondispersive ITO ( 2.56ITO  ) and silica ( 2 2.1SiO  ) and a Drude 
model[36] for silver with 
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wavelength, and at 670 nm   it is 45°, which implies that the effective optical axes of 
the waveplate align with the orthogonal nanorods, achieving the functionality originally 
described in Ref. [25]. At this specific wavelength, the two transmission curves for linear 
polarization excitation intersect, as we experimentally confirmed in Figure 7.4(c) using 
linearly polarized excitation. The measurement was obtained by scanning the wavelength 
from 575 nm to 925 nm at a 2 nm resolution. Despite the detector's lower sensitivity at 
wavelengths shorter than 620 nm, the measured curves still agree well with our 
simulations (Figure 7.4(d)) and indicate that, despite some inevitable thickness 
inhomogeneity and material losses, which reduce the resonance strength at shorter 
wavelengths, the realized device provides broadband quarter-wave plate functionality 
over an ultrathin thickness. Compared to other recently realized devices based on V-
shaped nanoantennas[20], this concept provides broader bandwidth of operation and 
larger coupling efficiency. Since our operation is based on the dominant diffraction order 
of the periodic array, we ensure a peak conversion efficiency approaching 50% over the 
entire wavelength of operation, which is only limited by material loss. 
7.4 CONCLUSIONS 
In this chapter we have shown that broadband polarization conversion and 
quarter-wave plate functionality may be achieved over a single ultrathin plasmonic 
metasurface with few tens of nanometers thickness, by tailoring the frequency dispersion 
of silver nanorods operated off-resonance. The proposed metasurface concept can 
provide broadband full control of the transmitted phase at the nanoscale, and it may be 
extended to different values of phase retardation, even locally varied over the surface, 
and span a broad spectrum in the visible, near-infrared and even THz range. These 
concepts may have a profound impact on novel integrated nanophotonic devices, as a 
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new platform for biosensing, polarization imaging, enhanced night vision devices, 
modulators, phase retarders, nanoantennas and nano-transmit-arrays. 
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Chapter 8: Experimental Realization of Twisted Optical Metamaterials 
After designing, optimizing and realizing single element nanoantennas and 
densely packed 2D arrays of them, we have the confidence to march to our ultimate 
design of cascading metasurfaces to create a broadband circular polarization filter effect 
inspired by the circularly polarized visions in biological species. At this moment, we 
have collected all the tools both theoretically, numerically and experimentally to enable 
us to fulfill this aim. 
The reason of using a multilayer stacked metasurface arises from the fact that 
optical metamaterials are usually based on planarized, complex-shaped, resonant 
nanoinclusions. Although 3D geometries may provide a more straightforward design in 
terms of the central focus of this study—the broadband chirality to manipulate circular 
polarization at the nanoscal—yet their fabrication becomes challenging as their critical 
dimensions get smaller, especially in the optical regime. In this chapter, we present the 
cascaded metasurface designs and experimental validation for the realization of optical 
metamaterials, showing that 3D effects may be obtained without complicated inclusions, 
but instead by tailoring the relative orientation within the lattice. Here we apply this 
concept to realize planarized, broadband bianisotropic metamaterials as stacked nanorod 
arrays with a tailored rotational twist. Due to the coupling among closely spaced twisted 
plasmonic metasurfaces, metamaterials realized with conventional lithography may 
effectively operate as 3D helical structures with broadband bianisotropic optical 
response. The proposed concept is also shown to relax alignment requirements common 
in 3D metamaterial designs. The realized sample constitutes an ultrathin, broadband 
circular polarizer that may be directly integrated within nanophotonic systems. 
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8.1 INTRODUCTION 
Circular dichroism, bianisotropy and magneto-electric coupling, found in chiral 
molecules, are at the origin of the different optical response of natural materials to left-
handed (LCP) and right-handed circularly polarized (RCP) excitations. Based on these 
concepts, 3D chiral structures such as helices may be used to realize circular polarizers 
[1],[2]. Similarly, cholesteric liquid crystals are composed of chiral molecules with a 
helical pitch that may be used to selectively filter one circular polarization based on 
Bragg reflection [3]-[6]. Conventional circular polarizers based on these concepts 
typically operate over narrow frequency bands[4], which may be broadened by stacking 
multiple polarizers or introducing a gradient in the helical pitch [3],[6]. However, modest 
bandwidth increases are usually achieved at the price of much bulkier devices, difficultly 
integrated within today’s nanophotonic systems.  
Recent advances in metamaterials [3],[7]-[11] have opened new routes towards 
integrated circular polarizers with low profile and larger bandwidths of operation. In part 
inspired by biological species that are well equipped with broadband, conformal circular 
polarization sensors [12], optical activity and circular dichroism have been shown in 
either planar [13]-[18] or three-dimensional metamaterials [3],[19]-[20]. Planar structures 
generally exhibit much weaker circular dichroism compared to three-dimensional 
geometries, since an infinitesimally thin device is inherently achiral, and excitation at 
oblique incidence or some form of nonreciprocal response is required to distinguish 
between LCP and RCP transmissivity [21]. In this context, the concept of extrinsic 
chirality has been recently put forward, showing that, by pairing two closely spaced 
planarized inclusions with some form of 3D chirality, may produce a narrow-band chiral 
response near their resonance [13]-[18] . 
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3D chiral metamaterials have more appealing properties as circular polarizers, but 
periodic arrays with subwavelength chiral features and precise alignment are challenging 
to realize at visible wavelengths, despite several available top-down [3] and bottom-up 
[19] fabrication approaches. An exciting possibility in this context is provided by direct 
laser writing [22],[23], which ensures large flexibility in the shape of the realizable 3D 
metamaterial inclusions. Broadband infrared circular polarizers based on gold helical 
metamaterials [1] have been recently demonstrated using this technique; however, 
realizing these structures in the visible is hindered by the minimum realizable features 
imposed by the diffraction limit.  
We propose here an alternative venue to realize strong, broadband bianisotropic 
effects in metamaterials, not based on chirality at the inclusion level, but instead on the 
relative orientation of strongly anisotropic achiral surfaces, introducing and applying the 
concept of twisted metamaterials. Our design is based on stacked planar metasurfaces 
realized with conventional lithographic techniques, suitably rotated from one layer to the 
next. Our goal is to show that, by introducing a twist in the lattice orientation of 
metamaterial inclusions, we can relax the usual requirements on fabrication and achieve 
exotic effects analogous to 3D metamaterials, but with much simpler fabrication 
schemes. In this context, it has been recently shown at microwave frequencies [18] that 
broadband linear polarization conversion may be obtained by coupling together twisted 
magnetic inclusions. Here we show that broadband circular polarization selectivity may 
be achieved in twisted arrays of metasurfaces without the need of complicated inclusion 
shape, with no requirement on the relative alignment, and at optical frequencies. We use 
a generalized Bloch analysis to model the cascaded structure [24], in combination with 
optical transmission-line theory [25], and show that this concept may relax several 
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constraints in the realization of 3D bianisotropic metamaterials, including inclusion shape 
requirements and lateral alignment between neighboring inclusions. 
8.2 DESIGN OF TWISTED METAMATERIALS 
8.2.1 Concept and optimization of twisted metamaterials 
Consider first a single plasmonic metasurface made of gold [26] nanorods, with 
thickness 50t nm , periods xd  300 nm, yd  300 nm, length l  250 nm and width 
w 60 nm. The shape of the nanorods is chosen to produce strong, resonant anisotropy 
within the plane, but it is strictly achiral. Due to the sub-wavelength thickness t , LCP 
and RCP transmissivities are expected to be identical for normal incidence at all 
frequencies. This may be readily proven by modeling the metasurface with its equivalent 
anisotropic shunt admittance sY  [27], which relates the averaged tangential polarization 
currents sJ  to the total tangential electric field totE  on the surface 
 tot tot s tot0 0 0s z z z       J z H H Y E , producing a discontinuity in the total 
tangential magnetic fields totH  on the array plane 0z  . By considering the reciprocity 
requirement 
T
s sY Y , where the superscript T denotes transpose, it follows that LCP and 
RCP transmissivities are bound to be equal [28]: LL RRT T . A small cross-coupling 
component LR RLT T  also arises, but it is not relevant to the following discussion. 
To convert the strong surface anisotropy around the nanorod resonance into chiral 
bianisotropy, we consider cascading two identical metasurfaces with a subwavelength 
separation distance L  and a specific rotation angle   of the second surface compared 
to the first one (Figure 8.1(a)). In this context, 3D chiral inclusions have been obtained by 
pairing two strongly coupled 2D chiral planar particles [17], rotated one with respect to 
the other, based on the concept of extrinsic chirality. We consider here completely achiral  
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Figure 8.1: Circular polarization selectivity of twisted metamaterials. (a) Illustration of a 
pair of stacked metasurfaces with rotational twist   and separation distance d , together 
with (b) calculated bandwidth in nanometers, (c) extinction ratio, (d) and figure of merit 
as defined in the text. (e) Illustration of a seven-layer twisted metamaterial, and 
corresponding (f) calculated bandwidth, (g) extinction ratio, (h) and figure of merit. (i) 
Transmission-line model, where sY  is the surface admittance of a single metasurface, 
 G  is the rotation matrix. (Reprinted with permission from Nature Communications 
3, 870 doi:10.1038/ncomms1877. Copyright 2012 Nature Publishing Group) 
inclusions (simple nanorods) forming strongly anisotropic arrays, with the aim of 
converting their anisotropy into magneto-electric coupling by rotation, as a pure lattice 
effect. As discussed in Ref. [27], our transmission-line model may be successfully 
applied to model this configuration, as sketched in the circuit model of Figure 8.1i, which 
includes a transmission-line segment to model each gap between neighboring 
metasurfaces and the rotation matrix 
cos in
in cos
s
s


 
  
 
G  describing the relative 
rotation of the second impedance tensor compared to the first one 
T
2 1  Y G Y G . In 
this scenario, LLT  and RRT  through the stack are no longer bound to have the same 
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magnitude and, using our analytical model, we are able to conveniently assess the 
predicted circular polarization properties of the metasurface pair by calculating the 
extinction ratio RR LL/T T  at each wavelength as a function of L  and  . Figure 8.2(a) 
shows, as an example, the wavelength dispersion of LLT  and RRT  for L 120 nm 
and   60°. A right-handed rotation of the second array with respect to the first one 
produces preferential transmission of RCP waves, with maximum separation near the 
array resonance, spanning over a moderate wavelength range (~700 nm). We define the 
circular polarizer bandwidth of this pair as the span of wavelengths over which the 
extinction ratio is larger than 2  for clockwise rotation 0 90   . In Figure 8.1 we 
show the calculated bandwidth (Figure 8.1(b)), the corresponding average extinction ratio 
RR LL/T T  (Figure 8.1(c)) and the overall figure of merit (FoM, Figure 8.1(d)), defined as 
the product of bandwidth and extinction ratio, as a function of L  and  . It is seen that 
optimal performance is obtained for subwavelength separation distances and for a 
rotation angle around ~ 60  . We did not consider here distances smaller than 80 nm, 
since our analytical model neglects higher-order Floquet modes in the coupling between 
neighboring metasurfaces, losing its accuracy for smaller distances. In any case, it is 
found that the optimal distance is in the range L ~150 nm, and closer metasurfaces 
cannot achieve as large FoM. In this range, we have verified that our analytical results 
match very well with full-wave simulations of the pair. 
Since a pair of achiral, anisotropic metasurfaces can support circular polarization 
selectivity over a moderately broad bandwidth after properly rotating one of them, it may 
be expected that by stacking a larger number of closely spaced metasurfaces with 
sequential rotation the FoM may increase, similar to the bandwidth increase in 
metamaterials formed by a large number of closely spaced resonant inclusions. We verify 
this possibility in the second row of Figure 8.1, in which we show analogous results for a 
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stack of seven metasurfaces for fixed separation distance L  and angle of rotation   
between any two consecutive elements, as in Figure 8.1b. Indeed, it is seen that 
bandwidth, extinction ratio and overall FoM can dramatically increase by combining 
closely spaced metasurfaces with proper sequential rotation and period. This is indeed 
consistent with the way the bandwidth of metamaterials drastically increases compared to 
the resonance of their individual inclusions, provided that they are densely packed [29]. 
Optimal parameters are found in a similar range of L  and  , but with more selectivity 
in terms of their value for optimal performance. 
8.2.2 Functionality and operation 
To show how the bandwidth evolves when stacking metasurfaces with sequential 
rotation, we show in Figure 8.2 the evolution of the transmission coefficients for L   
120 nm and   60° when increasing the number of layers, as indicated in each inset. By 
cascading more layers, the bandwidth is gradually broadened, spanning nearly the entire 
visible range in the case of seven layers (Figure 8.2(f)), with also a much increased 
extinction ratio. For a right-handed twist, LCP waves are reflected within the bandwidth 
of operation, whereas RCP is transmitted, consistent with the previous discussion. It 
appears that, by increasing the number of stacked metasurfaces, we are able to move from 
a simple resonant response to a continuous stopband, transitioning from a one-element 
filter to a homogeneous twisted metamaterial. 
In this regard, we have extended our analytical model to analyze the eigenmodal 
properties of this rotated stack for a number of layers N  , considering the 
generalized Bloch eigenmodes supported in a suitable reference system that rotates with 
each successive layer, analogous to the approach used to analyze linear arrays of rotated  
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Figure 8.2: Evolution of the frequency response by increasing the number of stacks. 
Transmission of LCP and RCP waves through a stack of rotated metasurfaces by 
increasing the number of layers (L = 120 nm,  = 60°). In (a)-(f) the number of layers 
increases from two to seven, with the insets illustrating one unit cell of the corresponding 
twisted metamaterial slab along the direction of propagation. (Reprinted with permission 
from Nature Communications 3, 870 doi:10.1038/ncomms1877. Copyright 2012 Nature 
Publishing Group) 
particles [24]. Although the details of this homogenization theory for twisted 
metamaterials go beyond the focus of the present work, it is relevant to point out that we 
have verified how one of the two generalized eigenmodes supported by the homogenized 
twisted metamaterial, based on the parameters of Figure 8.2, is indeed characterized by 
purely LCP fields, and supports a continuous stopband spanning the visible range. This 
finding highlights the unique response of twisted metamaterials compared to extrinsic 
chirality or nematic liquid crystals: the subwavelength sequential rotation through the 
stack effectively transforms the strong resonant anisotropy of each metasurface into a 
unique form of broadband magneto-electric coupling, responsible for circularly-polarized 
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eigenmodes, sustained by the lattice rather than by the chirality of the individual 
inclusions. Period and twist angle of the stack can then be optimized to broaden and tune 
the stopband of one of them, to ensure the optimal operation as a circular polarizer. 
It should be stressed that the functionality of the twisted metamaterial slab 
introduced here is very distinct from cholesteric liquid crystals or helicoidal materials 
[30], which also support circular polarization selectivity by sequential rotation of chiral 
molecules [4]. In those materials, the anisotropy of each layer is very weak, and the 
rejection of one circular polarization is obtained over several wavelengths based on 
Bragg reflection, under the condition that the helical pitch of the crystal is comparable to 
the wavelength of operation [5]. The operation of twisted metamaterials, on the contrary, 
is based on strong, resonant anisotropy at the metasurface level (without relying on 
chirality at all), which is broadened by the strong coupling among closely spaced 
surfaces, over a subwavelength period. The rotational pitch of the metamaterial 
considered in Figure 8.2, for instance, is about one tenth of the one that would be 
required in a cholesteric liquid crystal to obtain some form of polarization selectivity, and 
we obtain here a much larger extinction ratio, across a subwavelength thickness, with 
much more broadband response. The rotational twist along the lattice adiabatically 
transforms linearly polarized eigenmodes, supported by resonant, anisotropic 
metasurfaces, into circularly polarized ones. The clearest differences between twisted 
metamaterials and cholesteric liquid crystals or helicoidal materials consist in the 
drastically larger bandwidth, associated with strong coupling among neighboring 
metasurfaces, and the fact that cholesteric liquid crystals reflect the handedness 
associated with the helical rotation due to Bragg reflection, whereas the twisted 
metamaterial transmits that polarization, since its rotation over a subwavelength scale 
adiabatically rotates in the same direction as the eigenmodal polarization. 
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8.2.3 Shift invariance and robustness to misalignments 
 
Figure 8.3: Robustness to misalignment. (a) Three sets of transmission coefficients are 
presented, corresponding to: (b) ideal alignment of three consecutive metasurfaces 
(black); (c) misalignment of one metasurface along one transverse direction (blue); (d) 
misalignment of all metasurfaces in the stack in both directions (red); solid curves refer to 
RCP, dashed curves to LCP. (Reprinted with permission from Nature Communications 3, 
870 doi:10.1038/ncomms1877. Copyright 2012 Nature Publishing Group) 
One additional advantage of the twisted metamaterial concept is its expected 
robustness to misalignments, which may be found in layer-by-layer fabrication. Since the 
proposed concept is based on the metasurfaces coupled through the dominant transverse 
Floquet mode, and not on the individual inclusion resonant interaction with light, it is 
expected that arbitrary alignment between neighboring layers should not affect the 
overall response of the twisted metamaterial. This is obviously drastically different from 
extrinsic chirality, which is inherently based on the strong coupling between neighboring 
pairs of rotated inclusions. This is verified numerically in Figure 8.3, where we show 
LCP and RCP transmission coefficients for a stack of seven layers, similar to Figure 
8.2(f), considering different forms of misalignment, as indicated in the insets. When one 
of three consecutive metasurface is misaligned in one direction (inset (c)), or even when 
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all of them are misaligned in both directions (inset (d)), still the same transmission curves 
as in the ideally aligned case (inset (b)) are obtained. The total level of loss is slightly 
increased when misalignment and disorder is introduced, but without significantly 
affecting the performance of the device. 
To get a better grasp of the origin of this shift invariance, we took one step further 
in the analysis before we realize the multilayer device. Initially we want to show how the 
packing density and super-lattice geometries affect the coupling efficiencies to higher 
order floquet modes. Since the major difference between a metasurface and a grating 
surface is that the periodicity of a metasurface is much smaller than the wavelength of 
excitation, so the nearby meta-atoms experience collective and coherent excitations. 
Consequently, when employing floquet theory, except for the fundamental mode (the 
zero-th order) that can propagate though the stacked layers, the higher order floquet 
modes are all evanescent and decaying exponentially away from each metasurface. It is 
expected that when two metasurfaces are within close vicinity to each other, the excited 
near fields from the first metasurface will couple strongly to the next. This coupling can 
be visualized as the coupling efficiency of fundamental modes to higher order floquet 
modes.  
To visualize this, we simulate only one metasurface but with the excitations 
placed at different distance ( d ) away from the metasurface to experience the field it will 
couple to the next metasurface if it were at that location. This result is shown in Figure 
8.4 (b) to (d), which was obtained using full wave numerical simulations with an 
increasing d  varying from 60 nm to 200 nm, where d  is the center-to-center distance 
between two adjacent metasurfaces, so that the thickness of the metasurface has been 
taken into account. Although the metasurface thickness in this study is highly  
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Figure 8.4: Simulation of percentage of power coupled from fundamental modes to 
higher order floquet modes as a function of wavelength. (a)-(d) the square lattices, and 
(e)-(h) the hexagonal lattices. The periodicity in consideration for square lattices varies 
from (b) 300 nm, and (c) 400 nm, to (d) 500 nm. For (f)-(h) hexagonal lattices shows the 
same packing densities corresponding to (b)-(d). (i) Maximum power ratio collected from 
the plots as a function of the metasurface separation distance for comparison under 
different packing geometries. The solid symbols represent hexagonal lattices, and void 
symbols represent square lattices. 
subwavelength ( 0 /10z  , with 0 being the wavelength in vacuum), it is no longer 
negligible when considering near field coupling. When d  is within twice of the 
thickness ( 100d nm ), Figure 8.4(b) shows more than 10% of the power will be coupled 
to the 1st order floquet modes with the fundamental modes circularly polarized for the 
metasurfaces with a 300 nm square lattice periodicity, whose packing density (P.D.) is 
16.7%, defined as the area of the meta-atom divided by the area of the unit cell. The 
super lattice geometry is illustrated schematically in Figure 8.4(a), with the red lines 
indicating the unit cell. When the period of the metasurface is gradually increased 
approaching the excitation wavelength, the percentage of coupling to higher order modes 
will be increased at the same time; maxima of 50% (Figure 8.4(c)) and 60% (Figure 
8.4(d)) power coupling to higher order modes (up to 18 modes) for periods of 400 nm 
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(P.D.=9.4%) and 500 nm (P.D.=6%) square lattices are observed. This is because the 
periodicity affects the values of the k  vectors of the higher orders, and simultaneously 
affects the decay rate of the fields. The decay rate will decrease for an increasing period 
due to a reduced effective permittivity. At the same time, the higher rate of power 
coupled to higher order floquet modes, the more the spectra will be affected by relative 
lateral misalignment at the inclusion-level. It is also evident that near the resonance 
frequency, the coupling is dramatically enhanced, which is due to the strongly localized 
field oscillation near resonances. In Figure 8.4(f)-(h), we showed similar set of 
calculations with the same packing densities corresponding to Figure 8.4(b)-(d), but with 
hexagonal lattice geometries (illustrated in Figure 8.4(e)). The maximum coupling 
efficiencies for these configurations are summarized in Figure 8.4(i). It is seen that with 
the same packing densities, the power ratios that couple to higher order floquet modes are 
similar especially for densely packed cases. However, when the packing density 
decreases, the hexagonal lattice will exhibit a lower coupling rate, which is evidenced 
from the red curves in Figure 8.4(i), where the P.D. is equal to 6%; when the distance 
between metasurfaces are larger, the two curves with different lattice geometries deviate 
from each other. In other words, to ensure less coupling to the higher order modes 
(maintaining high coupling ratios to fundamental mode), the meta-atoms composing the 
surface need to be more densely packed. For instance, for metasurfaces with packing 
densities of 16.7% (black curves in Figure 8.4(i)), the absolute separation distance 
between these surfaces needs to be at least the thickness of the metasurface (d>100 nm), 
and at the same time, larger than ~1/6 of the periodicity to keep the coupling efficiency to 
higher orders below 10%.   
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Figure 8.5: Simulated results of Mean-Error when comparing perfectly aligned 
metasurfaces at the inclusion level to those misaligned for layer numbers of 2, 4 and 7. 
The Mean-Error is defined as the mean of the Euclidean distance between the aligned and 
misaligned curves. LCP and RCP denotes the polarization state of the excitation. No 
analyzer was included in the simulation, so the transmission represents the totally 
transmitted power without differentiating the polarizations of the transmitted fields. 
Assume the metasurface is with the z=constant plane. (a), and (b) Shift x denotes the 
misalignment is along the x direction, with an accumulated shift of L/2, where L is 
periodicity. (c), and (d) shows the shifts along both the x and the y direction with 
maximum misalignment of L/2. 
To visualize the spectral change due to misalignment, we expressed it in terms of 
the mean value of the Euclidean distance between the perfectly aligned spectra and the 
misaligned ones with circular polarized impinging waves normally incident to different 
layers of stacked metasurfaces. We define this value as "Mean-Error", which is again 
calculated using full wave numerical simulations, and shown in Figure 8.5. The 
measurface stack with layer numbers of two, four and seven are analyzed with various d  
ranging from 60 nm to 200 nm at a 10 nm increment, where the lateral misalignment is 
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set to increase at the same increment from layer to layer until it reaches the maximum 
shift of / 2L , 
 2 1
L
n
 

, where L  is the unit cell dimension and n  is the total 
number of layers in the stack. Figure 8.5(a) and (b) only consider the shift along the x 
direction, and Figure 8.5(c) and (d) take into account both x and y shift within the 
metasurface plane. The red squares in Figure 8.5 indicate the mean-error for 2 layer 
metasurface stack with d=100nm and d=200nm, respectively, which are later compared 
to experimental measurements. The mean-error is a good indication of how the 
misalignment can affect the interaction between layers, and in particular, it indicates how 
the near field coupling is transferred from layer to layer and affects the final transmission 
spectra. In both Figure 8.4 and the Figure 8.5, the spacer in the simulations is vacuum, 
and no adhesive layer is considered; when compared with experimental conditions, the 
realized device will exhibit spectra that are red-shifted due to the substrate effect. Figure 
8.5 shows the error decreases monotonically when the separation distance d  between 
metasurfaces increases. Special attentions are paid to metasurface stacks with d<70 nm, 
where not necessarily fewer layers present highest mean-error, suggesting the near field 
coupling plays a dominant role at these distances, inducing extra scattering loss due to the 
misalignment. When d  reduces close to its limit 60 nmd  , the absolute thickness of 
the vacuum spacer is only 10 nm, the fundamental mode can couple more than 50% of 
power to higher order floquet modes depending on lattice geometries. However, even at 
the smallest d , the mean-error is within 10%, which suggests that circular polarized 
excitations are less affected by the near field coupling, therefore confirming our previous 
assumption that the lattice chirality is mainly attributed to the zero-th diffraction orders 
for multilayer designs, where the effect from the higher order terms can be neglected as 
d  increases. 
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To confirm this shift-invariant theory before we proceed to the final multiple layer 
twisted metamaterial designs, we experimentally realized two layer metasurface stacks 
for different degrees of misalignment, and analyze the effect from both the misalignment 
Δ and the layer separation d . The reason we picked two layers has dual sides: on the one 
hand, two-layer device is the simplest prototype to be realized among all the multilayer 
designs; on the other hand, based on the analysis in Figure 8.5 two-layer device is the 
worst case scenario compared to all the multilayer designs in terms of shift invariance. In 
other words, if the shift invariance is valid in two-layer devices, it will be more robust for 
more layer cascaded structures based on the same design principles.  
We utilized a dedicated etch-back approach to achieve planarization and 
multilayer fabrication. The fabrication procedure will be discussed with great details in 
the next section. In total six samples of two-layer metasurface stacks were fabricated with 
three levels of misalignment registrations and two separation distances as reported in 
Figure 8.6, which shows SEM images with corresponding illustrations of the three 
alignment configurations: no misalignment (Figure 8.6(a), (d)), misalignment along only 
x direction (Figure 8.6(b), (e)), and misalignment along both x and y directions (Figure 
8.6(c), (f)) at the inclusion level. Figure 8.6(g)-(i) show the SEM images for these three 
configurations with d= 100 nm, and Figure 8.6(j)-(l) correspond to d= 200 nm.  
Figure 8.7(a) and (b) show the spectral measurements of the transmittance 
through the six samples; and the corresponding full wave numerical simulations are 
shown in Figure 8.7(c) and (d). In all the cases, the transmittance curves with right hand 
circular polarized (RCP) excitation match well with simulation results, but those for left 
hand excitations (LCP) show some discrepancies. It is because the LCP mode is the one 
that is aimed to be suppressed through the stacked layers, for an infinite series of these 
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Figure 8.6: Illustration of different registrations of the alignment and the corresponding 
scanning electron microscope (SEM) images for two-metasurface stack with separation 
distance d=100nm and d=200nm respectively. Perspective views of the two-metasurface 
stack with (a) no misalignment, (b) lateral misalignment along the x direction, (c) lateral 
misalignment along both x and y directions at the inclusion level. (d)-(f) are the 
corresponding top view images for these configurations. (h)-(i) are SEM images for 
d=100nm cases for the three registrations; and (j)-(l) are the SEM images for d=200. The 
scale bars in the SEMs are 500 nm. 
metasurface stacks, a complete stop-band can be formed to block the propagation of the 
LCP mode. Therefore, fabrication imperfections such as local thickness and shape 
variations are more subjective to affect the designated stop-band of the LCP mode. From 
these measured spectra, we extracted the previously defined mean-errors, these values for 
d=100 nm cases are 7.1% for LCP excitation with shift along x, 9.1% for LCP with shift 
along both directions, 5.7% for RCP with shift along x, and 8.6% for RCP with shift 
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along both directions. While for d=200 nm, these mean-errors are 2.5%, 1.0%, 1.7% and 
0.7%, correspondingly. Although these errors are slightly bigger than what are predicted 
from Figure 8.5, which are supposed to reduce from 2.8% (or 4.2%) to 0.2% (or 0.7%) 
with LCP excitations as d  increases from 100 nm to 200 nm, the overall predicted trend 
and final spectra have been well matched between simulations and experiments.  
8.3 EXPERIMENTAL REALIZATION AND CHARACTERIZATION OF TWISTED 
METAMATERIALS BASED ON CASCADED METASURFACES 
We have verified the functionality of the proposed twisted metamaterial by 
realizing and characterizing several devices, going from one-layer to a four-layer stack. 
Figure 8.4a shows the relevant fabrication steps of our design, as described in more detail 
in the Methods section. Our final fabricated sample consists of four planar arrays of gold 
nanorods, based on the design of Figure 8.2. Figure 8.8(b) shows the scanning electron 
microscope (SEM) images of the realized device, obtained using focused-ion beam (FIB) 
milling to reveal the details of each cascaded layer. The atomic form microscope (AFM) 
image and characterization in Figure 8.8(c)-(e) shows the details of the planarization 
process that we applied to realize the cascaded structure, as described in the Methods 
section. We have performed full-wave numerical simulations and experimental 
characterization of LCP and RCP transmissivities through the several stages of this 
device, going from a one-layer metasurface to the four-layer twisted metamaterial slab, 
sequentially stacking more metasurfaces.  
In our simulations, shown in Figure 8.9(a)-(d), we have included the dielectric 
spacers and titanium adhesion layers required for the realization of the twisted 
metamaterial (see fabrication details in the Methods section), which were not considered 
in Figure 8.2. As predicted by simulations, their presence slightly shifts the operation of 
the twisted metamaterial to longer wavelengths, and contributes to additional absorption 
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Figure 8.7: Comparison of experimental measurements and numerical simulations of 
transmittance for difference degree of shift corresponding to the configurations in Figure 
8.6 (a), (b) and (c), which are color coded as black, red, and blue, respectively. (a) is the 
measurement for d=100 nm case, and (b) the measurement for d=200 nm case. (c) and (d) 
are their corresponding numerical simulations to confirm the line-shape.    
losses residing in the thin adhesion layers, which slightly reduces the bandwidth and FoM 
of the polarizer. Measured and simulated curves follow each other quite closely: the 
single metasurface (Figure 8.9(e)) provides the expected identical transmission of LCP 
and RCP waves, but as soon as a second layer is cascaded with proper twist and distance 
(Figure 8.9(f)), we obtain some form of polarization selectivity. As predicted by our 
theory, a larger number of layers (Figure 8.9(g), (h)) ensures better extinction ratios and 
increased bandwidths. Despite some unwanted absorption due to the nonideal fabrication 
conditions, the four-layer device operates as a broadband, ultrathin circular polarizer, 
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consistent with the operation of a 3D bianisotropic metamaterial, confirming the 
functionality as a twisted metamaterial. 
8.3.1 Nanofabrication methods 
The fabrication stages are shown in Figure 8.8(a). Alignment marks with 100 nm 
gold thickness were first fabricated on bare glass substrate (C1737-0107, Corning® low 
alkaline earth from Delta Technologies), then 100 nm silicon dioxide was deposited on 
the substrate using ebeam evaporator. Ebeam resist ZEP 520 was first diluted with ZEP A 
(Anisole), then spun onto the substrate to obtain a thickness of 100 nm. The pattern was 
written using a JBX-6000FS/E ebeam aligner at an accelerating voltage of 50KV. After 
exposure, the sample was developed in ZED-N50 (Emyl Acetate). The pattern was then 
transferred to the silicon dioxide thin film by reactive ion etching using a gas mixture of 
CF4 and Helium in TRION Oracle plasma etcher to etch off 55nm of silicon dioxide. A 5 
nm Titanium adhesion layer and 50nm Gold were sequentially deposited onto the sample 
using CHA ebeam evaporator. Then, the sample underwent the liftoff process in N-
methyl-2-pyroridone to complete the first layer. 100nm silicon dioxide layer served as a 
dielectric spacer, coated through ebeam evaporation. The surface was automatically 
planarized after metal liftoff. 
A special effort was made to ensure flat surface after each metal nanorod 
deposition. To achieve this, the metal liftoff ebeam resist mask was first used to etch 55-
nm-deep trenches in the substrate via reactive ion etching; a 55-nm-thick metal layer was 
then deposited. After the liftoff process, the metal nanorods are positioned in the trenches 
etched in the substrate. The AFM image in Figure 8.8(c)-(e) shows the planarization 
measurement of each layer before and after the deposition of a silicon dioxide spacer. 
The planarization process reduced surface height variation from 55 nm to 5 nm. 
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Subsequent layers were added by repeating similar steps, from silicon dioxide deposition 
to metal liftoff. 
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Figure 8.8: Device fabrication. (a) Fabrication scheme to realize each layer of the twisted 
metamaterial. A multi-layer stack can be obtained after repeating the first four steps (see 
Methods section). (b) Multilayer SEM view of the realized 4 layer device. The images are 
prepared through FIB milling to reveal each layer, where the I, II, III, IV mark the 
corresponding layers. The inset in layer I shows the dimensions of each nanorod; the 
inset in layer II shows the measured rotation angle between adjacent layers. The sample 
was prepared by coating 5nm of Pt/Pd before SEM imaging to reduce charging effect, 
due to the non-conducting nature of the silicon dioxide substrate. The scale bars in the 
SEM images from top to bottom are 2 m, 1 m, and 500 nm, respectively. (c) AFM 
image of a two-layer device and corresponding surface profile to measure the 
planarization: the first layer (horizontal rods) considers the planarization after metal-
liftoff and silicon dioxide spacer deposition (blue curve in panel d), the peak to valley 
height is within 5 nm; the second layer (60° tilted rods) is obtained after metal liftoff, but 
before silicon dioxide deposition (red curve in panel d), here the peak to valley height is 
within 7 nm. The scale bar in panel c is 500 nm. (e) shows the root mean square (RMS) 
surface roughness of each layer before (blue square) and after (red circle) silicon-dioxide 
deposition. Surface roughness is improved after silicon dioxide deposition. (Reprinted 
with permission from Nature Communications 3, 870 doi:10.1038/ncomms1877. 
Copyright 2012 Nature Publishing Group) 
8.3.2 Optical measurements 
Testing was conducted after processing each layer. To test the resonance of single 
layer, a Halogen broad band light source was coupled into a spectrograph (Princeton 
instrument SpectraPro-2500i) to scan the wavelength with a resolution of 2 nm. The 
output light from the spectrograph was sequentially passed through a linear polarizer 
(Thorlabs LPVIS050), a broadband quarter-wave plate (Thorlabs AQWP05M-980), the 
sample, a second broadband quarter-wave plate, a second linear polarizer, and finally an 
InGaAs detector (Princeton instrument Model ID441-C). 
8.4 CONCLUSIONS 
Chiral bianisotropy, purely based on a lattice effect, has been obtained using an 
array of purely three-dimensionally achiral inclusions, realized with standard lithographic 
techniques and planarized technology. We believe that with a similar technique it may be 
possible to realize broadband circular polarizers at even shorter wavelengths, spanning 
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the entire visible range, and reduce the amount of losses by avoiding lossy metals for the 
adhesion layers and considering lower-loss plasmonic materials for the nanorods, e.g., 
silver. The proposed broadband circular polarizers may be directly integrated into 
nanophotonic devices, due to its ultralow and planar profile. Our proposed concept may 
be easily scaled up to longer wavelengths for a variety of exciting applications in mid-
infrared and terahertz spectral range, for which convenient sources, such as quantum 
cascade lasers, are available, but advanced optical elements for polarization control such 
as achromatic quarter wave plates or broadband circular polarizers are currently 
unavailable.  
 
 
Figure 8.9: Comparison between measurements and simulations. (a)-(d) full-wave 
numerical simulations for twisted metamaterial slabs with 1 to 4 layers. As predicted by 
theory and simulations, the bandwidth and extinction ratio is increased with a larger 
number of layers of the twisted metamaterial. (e)-(h) corresponding experimental 
measurements, where black circles represent RCP and red triangles represent LCP 
transmission; the measurement is obtained by scanning the wavelength with a resolution 
of 2 nm as described in the Methods section. (Reprinted with permission from Nature 
Communications 3, 870 doi:10.1038/ncomms1877. Copyright 2012 Nature Publishing 
Group) 
600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
 T
ra
n
s
m
it
ta
n
c
e
Wavelength (nm)
600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
 T
ra
n
s
m
it
ta
n
c
e
Wavelength (nm)
600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
 T
ra
n
s
m
it
ta
n
c
e
Wavelength (nm)
600 800 1000 1200 1400
0.0
0.2
0.4
0.6
0.8
1.0
T
ra
n
s
m
it
ta
n
c
e
Wavelength (nm)
600 800 1000 1200 1400
0.0
0.2
0.4
0.6
0.8
1.0
Wavelength (nm)
T
ra
n
s
m
it
ta
n
c
e
600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
T
ra
n
s
m
it
ta
n
c
e
Wavelength (nm)
600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
Wavelength (nm)
T
ra
n
s
m
it
ta
n
c
e
600 800 1000 1200
0.0
0.2
0.4
0.6
0.8
1.0
T
ra
n
s
m
it
ta
n
c
e
Wavelength (nm)
a b c d
e f g h
 157 
More broadly, we believe that the proposed concept of twisted metamaterials, 
obtained by breaking the periodicity of conventional metamaterials introducing a 
sequential twist within the lattice, may broaden the venues in which optical metamaterials 
may be realized and applied, by relaxing several of the requirements on the inclusion 
shape. This may have groundbreaking impact in a variety of novel metamaterial devices 
and applications, beyond polarization manipulation and control, e.g., in tailoring spatial 
dispersion or modal propagation. We are currently exploring some of these venues. 
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Chapter 9: Conclusions and Future Directions 
9.1 CONCLUSIONS 
In this study, we have developed a novel paradigm to use single element 
nanoantenna, composite of nanotenna arrays in two-dimensional (metasurfaces) and 
three-dimensional (metamaterials) forms to control and manipulate light and its 
polarizations at the nanoscale, which can possibly bypass the limitations from 
conventional designs and realization of 3D metamaterials. The final design of the twisted 
metamaterial concept was borrowed from nature and biological species, whose complex 
structure can exhibit superior function to detect, control and manipulate the polarization 
state of lights for their orientation, signaling and defense. Inspired by this concept, we 
theoretically investigated and designed metasurfaces/metamaterials models, with the help 
of fully vectorial numerical simulation tools, and we have been able to outline the 
limitations and ultimate conditions under which the averaged optical surface impedance 
concept may accurately describe the complex wave interaction of planar plasmonic 
metasurfaces. We also experimentally explored various technological approaches 
compatible with these goals, such as the realization of lithographic single element 
nanoantenna and antenna arrays with complex circuit loads, periodic arrays of plasmonic 
nanoparticles or nanoapertures, and stacks of rotated plasmonic metasurfaces. At the 
conclusion of this effort, we have been able to theoretically analyze, design and 
experimentally realize and characterize the feasibility of using discrete metasurfaces to 
realize phenomenon and performance that are available in nature biological species. 
9.2 FUTURE DIRECTIONS AND OUTLOOKS 
The field of plasmonics and metamaterials is still facing big challenges. For 
example, losses have been an issue for almost all the plasmonic based devices, in 
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particular for applications in lasers and waveguides. Thanks to the expitaxial growth 
technology, low-loss single crystalline silver can be grown with almost half of the 
intrinsic loss at the optical frequencies [1],[2]. The advent of this superior low loss 
material brings new possibilities for plasmonics to study nano-lasers and biosensings. 
Another emerging material is called transparent conductive oxide (TCO) [3]-[6], among 
these, Gallium, Aluminum doped Zinc Oxide (GZO/AZO) and Indium Tin Oxide (ITO) 
have been actively under investigation recently. These materials exhibit much lower loss 
in the telecommunication frequencies, and could open new venues for long range surface 
plasmon polariton waveguides at the near IR regime.      
New directions, such as using engineered plasmonic metasurfaces to sense single 
molecular are also emerging. Plasmonic metasurfaces as a planarized platform can be 
used to study enormous possibilities for surface chemistry, such as molecular structures 
and dynamic interactions. These lead to ultrasensitive single molecular sensing, which is 
not just based on the surface enhancement Raman scattering, or the strong field 
confinement/localization, or the high sensitivity of tuning its frequencies due to dielectric 
constant variation from environmental change, but it could be related to high sensitivity 
of certain mode of the metasurfaces, such as Fano resonance metasurface [7],[8]. 
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